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Propriétés électroniques de films minces d’oxyde de 





L’oxyde de titane est un matériau bon marché, chimiquement stable et non toxique. Par 
contre, ses propriétés électriques sont instables et c’est un modeste semi-conducteur ou un 
médiocre isolant selon le point de vue. Pour de nombreuses applications, il serait intéressant 
de le rendre soit plus isolant, soit plus conducteur. Le but de ce travail est de modifier les 
propriétés électriques de couches minces de TiO2 nano-cristallin fabriquées par pulvérisation 
cathodique et de comprendre les mécanismes conduisant à ces changements. 
Les facteurs principaux influençant la conduction électrique sont d’une part la 
concentration et le type des impuretés incorporées dans TiO2 et d’autre part la morphologie 
des couches minces. L’étude a été scindée en deux parties. La première partie décrit les 
modifications du matériau pulvérisé obtenues par dopage des couches minces de TiO2. Du 
niobium, du cérium, du fer ou du fluor ont été incorporés dans le TiO2. La seconde partie 
décrit les modifications obtenues en changeant le gaz réactif utilisé durant la pulvérisation 
cathodique : ainsi de la vapeur d’eau a été substituée à l’oxygène. 
Différentes techniques d’analyse ont été mises en œuvre pour caractériser les couches 
minces de TiO2. Elles sont essentiellement divisées en quatre catégories. Les analyses 
chimiques comprennent la microsonde électronique, la spectroscopie par photoémission de 
rayon X et la spectroscopie de masse des ions secondaires. L’analyse de la structure et de la 
morphologie des films a été réalisée grâce à la diffraction des rayons X et à la microscopie à 
force atomique. Les propriétés électriques en mode continu ou alternatif ont été mesurées 
entre la température ambiante et 350°C. Finalement des mesures de transmission optique ont 
fourni des informations sur les états électroniques et la morphologie des couches. 
Les résultats montrent qu’en choisissant des impuretés appropriées, le dioxyde de titane 
peut être rendu isolant (TiO2:Ce) ou plus conducteur avec une conduction électrique de type n 
(TiO2:Nb) ou de type p (TiO2:Fe). Les couches minces de TiO2 ne sont pas seulement 
modifiées du point de vue chimique, mais chaque dopage est accompagné par des 
changements de structure et de morphologie importants, comme la transformation de la 
structure anatase à la structure rutile. Il est aussi montré que les atomes incorporés engendrent 
des défauts tels que des lacunes d’oxygène. Ces défauts s’opposent à la variation de la 
conduction électrique introduite par les impuretés. Ainsi, malgré des concentrations de 
dopants de l’ordre du pour-cent, la variation de la conduction électrique est une augmentation 
ou une diminution de trois ordres de grandeur par rapport au TiO2 non dopé. Les couches 
minces fabriquées avec de la vapeur d’eau présentent une augmentation de conductivité 
électrique de huit ordres de grandeur par rapport à des échantillons préparés avec de 
l’oxygène dans des conditions similaires. Aucun atome autre que le titane ou l’oxygène en 
concentration significative n’a été détecté dans ces couches minces. L’importante 
augmentation de la conduction électrique est due à l’injection dans les grains de TiO2 
d’électrons provenant de liaisons non saturées d’atomes de titane se trouvant à la surface des 
grains. C’est la taille nanométrique des grains qui rend possible un dopage aussi important. 
Les résultats montrent que suivant les impuretés ou les gaz réactifs choisis, le dioxyde de 
titane peut être un bon isolant avec une constante diélectrique élevée ou un conducteur 
transparent raisonnable. La plage de conduction électrique couverte par les échantillons 







Titanium dioxide is a cheap, chemically stable and non-toxic material. However its 
electrical properties are unstable and it is a modest semiconductor and a mediocre insulator. 
For several applications it would be interesting to make it either more insulating or more 
conducting. The goal of this work was to modify the electrical properties of nano-crystalline 
TiO2 thin films deposited by reactive sputtering and to understand the mechanism leading to 
these modifications. 
The principal factors that influence the electrical conductivity are on the one hand the 
concentration and nature of the chemical impurities incorporated in TiO2, and on the other 
hand the morphology of the thin films. The study was split into two parts. The fist part 
describes the modifications of the sputtered material obtained by chemical doping of the TiO2 
thin films. Niobium, cerium, iron, and fluorine were incorporated successfully in TiO2. The 
second part describes the modifications obtained by modifying the reactive gas used during 
the sputtering process: thus oxygen was substituted with water vapor. 
Several analysis techniques have been used to characterize the TiO2 thin films. They are 
essentially divided in four categories. The chemical analyses included electron probe 
microanalyses, x-ray photoemission spectroscopy, and secondary ion mass spectrometry. The 
structure and morphology analyses of thin films were carried out with x-ray diffraction and 
atomic force microscopy. The electrical properties in dc or ac mode were measured between 
room temperature and 350°C. Finally optical transmission provided information on the 
electronic states and morphology of the thin films. 
With an appropriate choice of impurities, titanium dioxide can be made more insulating 
(TiO2:Ce), more conducting with an n-type electrical conductivity (TiO2:Nb) or p-type 
electrical conductivity (TiO2:Fe). Chemical doping is also the cause of important structure 
and morphology changes, for example it can force the transformation from the anatase to the 
rutile structure. It is shown in particular that dopant atoms generate defects such as oxygen 
vacancies. These defects impede the variation of the electrical conductivity produced by the 
impurities, thus, in spite of dopant concentration in the percent range, the variation of the 
electrical conductivity is an increase or a decrease of three order of magnitude at most when 
compared with undoped TiO2. Thin films deposited with water vapor as the reactive gas 
present an increase in the electrical conductivity by height order of magnitude compared to 
samples prepared with oxygen in similar conditions. No atom other than titanium or oxygen 
could be detected in the thin films in significant concentration. The dramatic conductivity 
increase is due to the injection inside TiO2 grains of electrons donated by unsaturated titanium 
atoms lying on the grain surface. A nanometric grain size is a requirement to make such high 
doping levels possible. 
Depending on the impurities or reactive gas selected, titanium dioxide can be made either 
into a good insulator with a high breakdown field and a high permittivity or into a reasonably 
conducting, transparent film. The electrical conductivity of the samples prepared for this 
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Titanium dioxide (TiO2) is a material used in a wide range of common and high-tech 
applications. It is cheap, chemically stable, non-toxic, and last but not least bio-compatible. 
Titanium is successfully used as implant material for dental, orthopedic and osteosynthesis 
application and its native oxide is mostly constituted of titanium dioxide [1]. TiO2 powder is 
used as white pigment in paint [2], replacing lead oxide which is toxic, and in toothpaste. 
Transparent single crystals or thin films have a high refractive index that makes TiO2 suitable 
for optical applications [3-5]. Multi-layers composed of TiO2 and SiO2 are designed to make 
antireflection coatings in the whole visible range [6-7]. TiO2 is widely used for photocatalysis 
[8], for example for water treatment by oxidation of dissolved organic molecules [9-11]. 
Electrodes made of TiO2 are used in electrochromic devices [12] and dye-sensitized solar 
cells [13]. Solid-state photovoltaic solar cells with porous TiO2 layer show promising results 
[14-15]. Pd-TiO2 diodes are used as hydrogen gas sensor [16-17], and nowadays TiO2 can 
replace ZrO2 in lambda probes used in the car industry [18]. Thus, research in many different 
fields is devoted to titanium dioxide under various forms such as single crystals, ceramics, 
and thin films. 
Titanium oxide has four known structures under ambient conditions: rutile, anatase, 
brookite, and srilankite (this last structure is also called α-PbO2 type TiO2 or TiO2-II) [19-21]. 
The rutile structure is the most stable [21] and also the most studied. TiO2 can be synthesized 
as single crystals, powders, ceramics and thin films. Transition metal oxides are often 
nonstoichiometric, at near-atmospheric oxygen pressure the oxygen vacancies is the 
predominant defect in TiO2 [22]. The oxygen deficiency introduces an excess of electrons in 
the material resulting in an increase of the electrical conductivity [22]. The oxygen vacancies 
act as electron donors, thus TiO2-x is an n-type semiconductor, in contrast with p-type 
semiconductors which contain electron acceptors and where the charge carriers are holes 
rather than electrons [23]. Substoichiometric TiO2-x is both a poor insulator and a modest 
semiconductor. Therefore several attempts have been made either to control the oxygen 
vacancy concentration or to introduce charge carriers (doping) inside TiO2 in order to increase 
or decrease the electrical conductivity, depending on the desired application. During the last 
40 years, almost half the atoms of the periodic table have been incorporated into TiO2        
[24-48]. An overview of their effects on conductivity is presented in Figure 1.1. For example, 
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when niobium or tantalum atoms are incorporated into TiO2, they act as electron donors    
[31-30], resulting in an increase of the electrical conductivity. Chromium, manganese, and 
iron are reported as electron acceptors [31,34,26] increasing or decreasing the TiO2 electrical 
conductivity depending on the ratio between their concentration and the oxygen vacancy 
concentration [29]. These incorporations do not only modify the electrical conductivity of 
TiO2, but also influence the structure and morphology of TiO2. For instance, silicon 
incorporation favors the anatase structure, while tin incorporation favors the rutile structure 
[36]. Large atoms like cerium can break the crystal lattice resulting in amorphous TiO2 [49]. 
 
Figure 1.1: Table of impurities included inside TiO2. 
 
In spite of the work done on this subject, it is difficult to draw general conclusions on the 
behavior of the impurities incorporated into TiO2, in particular when the morphology of the 
TiO2 samples changes. For instance the ac electrical properties of a single crystal depend 
essentially on bulk properties, while grain boundary contributions could be important in thin 
films [50]. In this case, it is necessary to know where the impurities are located, either inside 
the grains or at their surface, to relate the properties of the thin films to the properties of the 
single crystals. Because of the large potential of TiO2 in applications and the lack of a basic 
understanding of this material, the research on this material is mostly topical. The applications 
are essentially focussed on TiO2 thin films. 
In this work, we are interested in the improvement of the electrical conductivity of TiO2 
with impurity incorporation in order to make on the one hand a better insulator than pure TiO2 
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and on the other hand a better conductor than pure TiO2. Both have to be as stable as possible 
under thermal treatment. Insulating TiO2 is interesting because it has a high static dielectric 
constant: 173 for the rutile structure and 48 for the anatase structure [51]. If the electrical 
conductivity of TiO2 is high enough, it could be used as transparent conducting oxide (TCO) 
like indium-tin oxide, fluorine doped tin oxide or zinc oxide [52]. In any case, more 
conducting n-type and p-type TiO2 are useful for catalytic applications. 
The samples described in the present work are TiO2 thin films, less than 1 µm thick, 
deposited on several substrates such as glass and silicon. The deposition technique is reactive 
sputtering [53]. The starting material (target) is metal titanium that is sputtered by plasma 
typically composed of argon and oxygen, in order to obtain titanium oxide. In a first stage, 
impurities are incorporated inside TiO2 by modifying the target composition. Among the 
dopants tested, three have been subjected to deeper investigations. The first is cerium doping 
which results in highly insulating, amorphous, layers. The second is niobium incorporation, 
which is one of the most common ways to make conducting, n-type TiO2, for a comparison 
with the results reported in literature. The third is iron doping because it is an important 
impurity found in industrial-grade titanium metal. When iron concentration is sufficiently 
high, TiO2:Fe becomes a p-type semiconductor. In a second stage of the present study, the 
oxygen used as reactive gas during the thin film deposition has been replaced with water 
vapor. Thin films deposited with water vapor present a high electrical conductivity, 108 times 
higher than the conductivity of undoped TiO2 deposited with O2 as reactive gas, in the same 
conditions, nevertheless they are transparent. 
Beside the electrical measurements, the chemical composition, the structure, the 
morphology, and the optical properties of the TiO2 thin films have been investigated. All 
these measurements are necessary to understand the effect of the impurities incorporated in 
TiO2, and to try to make quantitative interpretations of the results. 
The manuscript is divided in seven chapters. Chapter 2 gives an overview of TiO2 and its 
semiconductor properties which are necessary to understand the later chapters. Chapter 3 
explains the fabrication of the thin films and describes the reactive sputtering method. The 
different techniques of analysis are reported in Chapter 4. Results on titanium dioxide doped 
with cerium, niobium, and iron, are presented in Chapter 5. Chapter 6 relates the effect of 
water vapor used as reactive gas during the deposition of titanium oxide. Chapter 7 ends the 
thesis with a general conclusion. Appendices contain the full text of papers published in the 
course of the thesis. 
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Chapter 2  
General properties of titanium dioxide 
 
 
This chapter gives information necessary to understand the discussions and interpretations 
of the measurements made on TiO2 thin films. It starts with a description of the different 
polymorphs of titanium dioxide. Then, a short reminder the properties of semiconductors are 
presented. The notion of oxygen vacancy, of chemical impurity is introduced, and the manner 
in which they can influence the electrical conductivity is explained. 
 
 
2.1 TiO2 crystal structures 
 
The titanium oxide can crystallize in different structures. At ambient conditions, four 
structures are known: rutile, anatase, brookite, and srilankite [1]. At higher pressure, i.e. more 
than 10 Gpa, a baddeleyite structure appears [2], and theoretical work predicts a new 
structure, not yet observed, similar to fluorite HfO2 at even higher pressure [3]. The most 
common and studied structure is rutile, it is also the most stable structure of TiO2 [4]. TiO2 
thin films with all of the four structures can be synthesized, though generally only anatase and 
rutile are present. The brookite structure has been obtained by the sol-gel method [5-6], and 
TiO2-II (srilankite) has been grown by atomic layer epitaxy from TiCl4 and H2O [7]. To our 
knowledge, only rutile and anatase have been produced by sputtering, which is the process 
used to prepare our samples. It is also possible to produce amorphous TiO2 thin films at low 
temperature, i.e. below 150°C, in our sputtering installations. Structural, optical, and electrical 
properties of TiO2 are reported in Table 2.I. 
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Table 2.I: TiO2 properties. 
polymorph rutile anatase brookite Srilankite 







density [1] 4.25 3.89 4.12 4.37 
refraction index 
λ = 600 nm [8] 
⊥ to c axis 
2.60 
// to c axis 
2.89 
⊥ to c axis 
2.55 
// to c axis 
2.48 
// to a or b axis 
2.57 





⊥ to c axis 
89 
// to c axis 
173 
⊥ to c axis 
31 





⊥ to c axis 
direct 3.04 
// to c axis 
indirect 3.05  
⊥ to c axis 
direct 3.42 





[12, 14, 15] 
crystal: 0.1–10 
thin film: 0.1 
crystal: 15–550 
thin film: 0.1-4   
 
The elementary cells of the TiO2 crystal structures are presented in Figure 2.1. Rutile and 
anatase, which are tetragonal, are more ordered than the orthorhombic structure. The anatase, 






Figure 2.1: Elementary cell of TiO2 polymorphs. 
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rutile and anatase polymorphs of TiO2 because they are the only polymorphs synthesized in 
our thin films. When the titanium oxide stoichiometry is varied from 0 to 2, Ti, Ti2O, TiO, 
Ti2O3, Ti3O5, TinO2n-1, and TiO2 are encountered (see Figure 2.2). Rutile and anatase 
structures are compatible with stoichiometries higher than 1.95 only. No titanium oxide 
structure with a stoichiometry higher than 2 has been reported. 
.  
Figure 2.2: The titanium oxygen phase diagram [16]. 
 
Rutile can exist at any temperature below 1800°C, at which point titanium dioxide 
becomes liquid, while for temperatures above 700°C the anatase structure changes to the 
rutile structure [17]. To our knowledge, the reverse transformation never occurs. The 
transformation temperature can be modified by adding impurities into TiO2. For instance, the 
anatase phase completely disappears at temperature of about 530°C, 680°C, and 830°C for 
powder samples containing vanadium, molybdenum, and tungsten respectively [18]. 
 
 
2.2 Semiconductor properties 
 
The information given in this section relies on the work of S. M. Sze [19]. Solid materials 
are classified in three groups depending on their electrical conductivity σ. Highly conducting 
materials are metals (σ > 104 S m-1), material with very low electrical conductivity are 
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insulators (σ < 10-8 S m-1), and in-between stand the semiconductors. The main difference 
between metal and semiconductor is the fact that for metals, the electrical conductivity 
decreases when temperature increases, while the reverse phenomenon usually occurs in the 
case of semiconductors. 
The energy band diagram of a pure semiconductor containing a negligible amount of 
impurities (intrinsic semiconductor), is characterized by an energy gap (EG) inside which no 
electronic states are encountered. The electrical conductivity is given by the following 
formulas: 
 σ = σn + σp = q µ n n + q µ p p  






kT  is the electron density in the conduction band, 






kT  is the hole density in the valence band, 







 is the Fermi energy, 
q is the electronic charge, k is Boltzmann’s constant, T the absolute temperature, µn and µp are 
the electron and hole mobility respectively, NC and NV are the effective density of state of the 
conduction and valence band, EC the energy of the bottom of conduction band, and EV the 







Figure 2.3: Simplified band diagram of a semiconductor. 
 
When a semiconductor is doped with donor and/or acceptor impurities, impurity energy 
levels are introduced. A donor level is defined as being neutral if filled with an electron, and 
positive if empty. An acceptor level is neutral if empty, and negative if filled by an electron. 
The Fermi level for the intrinsic semiconductor lies close to the middle of the bandgap (see 
Figure 2.4 (a)). When impurity atoms are introduced, the Fermi level must adjust itself to 
preserve charge neutrality (see Figure 2.4 (b) and (c)), the total negative charge (electrons and 
ionized acceptors) must equal the total positive charge (holes and ionized donors). n-type 
(donors impurities) and p-type (acceptor impurities) semiconductor band diagrams and 
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density of states are given in Figure 2.4 (b) and (c). 
 
Figure 2.4: Schematic band diagram, density of states, Fermi-Dirac distribution, and the 
carrier concentration for (a) intrinsic, (b) n-type, and (c) p-type semiconductors at 
thermal equilibrium [19]. 
 
Consider the case where donor impurities with concentration ND and acceptor impurities 
with concentration NA: the charge neutrality is given by: 
N-A + n = N
+
D + p  

















 is the number of ionized donors, 
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 is the number of ionized acceptor, 
ED and EA the ionization energy of the donors and acceptors, and gD and gA are the       
ground-state degeneracies of the donors and acceptors. 
For a set of given NC, NV, ND, NA, EC, EV, ED, EA, and T, the Fermi level EF can be uniquely 
determined. If µn and µp are known, the electrical conductivity can be calculated. 
 
 
2.3 Oxygen vacancies and other impurities 
 
The ideal crystal does not exist. At any temperature crystals contain various structural 
imperfections or defects. There are several types of such defects, and these are often divided 
into three main groups: point defects, line defects, and plane defects. Point defects include 
empty sites (vacancies), where constituent atoms are missing in the structure, and interstitial 
atoms occupying interstices between the regular atomic sites. Line defects or dislocations are 
characterized by displacements in the periodic structure in certain directions. The plane 
defects comprise stacking faults, internal surfaces (grain boundary), and external surfaces. 
The most notable point defects of pure rutile TiO2, called native point defects, are oxygen 
vacancies and interstitial titanium atoms. An oxygen vacancy is formed by the transfer of an 
oxygen atom on a normal site to the gaseous state. In the Kröger and Vink notation [20], the 
chemical reaction is written in the following way: 
OO ↔V
x
O + ½ O2 
where OO is an oxygen ion on a normal lattice site and V
x
O is a neutral oxygen vacancy. 
The two trapped electrons (e´) associated with the vacancy may, depending on the 
temperature, be excited and freed from the vacancy. In this case, the vacancy acts as a donor 












O  ↔ V··O + e’ 
An interstitial titanium is created in the following way: 
TiTi ↔ Ti···i  + V´´´Ti  or TiTi ↔ Ti····i  + V´´´´Ti  
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where TiTi is an titanium ion on a normal lattice site, Ti···i or Ti····i  are interstitial titanium 
(three or four times charged), and V´´´Ti  or V´´´´Ti  are titanium vacancy (three or four times 
charged). 
 
The point defects contribute to the electrical conductivity in two ways. They can provide 
mobile charge carriers (ionization), or they can also move in response to an electric field and 
so produce an ionic current. Thus it is important to know the concentration of point defects in 
the material studied. The concentrations of point defects in TiO2 at high temperature are 
reported in Figure 2.5. At near-atmospheric oxygen pressure oxygen vacancies are the 
predominant defects in both cases. As the enthalpy of formation of the oxygen vacancy  
(105 kcal/mol ≡ 4.55 eV/vacancy) is lower than the enthalpy of formation of a triply-charged 
interstitial titanium (210 kcal/mol ≡ 9.11 eV/interstitial titanium), the oxygen vacancy is also 
the dominant defect at room temperature. As the electrical measurements presented in this 
thesis were made at temperature lower than 400°C and generally in air, we will only consider 
oxygen vacancies as native point defects.  
 
Figure 2.5: The concentration of point defects and electrons in rutile TiO2-x as a function 
of the partial pressure of oxygen. (a) 1500°C; (b) 1100°C [21]. 
 
The ionic conductivity due to oxygen vacancies is related to the vacancy diffusion 
coefficient D through the Nernst-Einstein relation: 
σD = q z c µD 
with µD = q z DkT  and z the valence 
The diffusion coefficient value is 10-14 cm2/s at 850°C [21]. As it is thermally activated 
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with an activation energy of 60 kcal/mole or 2.6 eV, its value at 400°C is much lower than  
10-14 cm2/s. With an oxygen vacancy concentration of 1% (~5 x 1020 cm-3), the resulting 
conductivity is less than 5 x 10-11 Ω-1 cm-1, therefore we will omit the ionic conduction and 
consider that oxygen vacancies contribute only to the electronic conduction as double donors 
with a shallow donor level (0 - 200 meV) and a deep donor level (600 – 750 meV) [12,22]. 
Although complete analyses of defect concentration in anatase TiO2 have not been 
reported, we assume that oxygen vacancies are also the dominant point defects in anatase 
TiO2. 
 
When impurities are incorporated into TiO2, they can dissolve inside the crystallites, or 
settle in the grain boundaries. They can also agglomerate, if the maximum solubility is 
exceeded, as precipitates either at the center of crystallites or at the grain boundaries. As the 
mechanisms involved are complex and multiple, it is not possible to describe here all that can 
happen when impurities are incorporated into the TiO2 crystal lattice. Only two examples 
resulting in n-type TiO2 and p-type TiO2 will be shown. 
The first example is niobium doping. If niobium replaces titanium, a chemical reaction can 
be written in this way 
Nb2O5 ↔ 2 Nbi
 
·
Ti + 4 OO + 2 e’ + ½ O2 
The temperature has been supposed high enough to ionize the niobium atoms so that each 
gives up one electron [23]. If this is not the case, the number of ionized niobium atoms is 
settled by the ionization energy and the temperature using the Fermi-dirac distribution [24]. 
Instead of creating conduction electrons, charge compensation can also be achieved by lattice 
defects such as interstitial oxygens or titanium vacancies [23]: 
Nb2O5 ↔ 2 Nbi
 
·
Ti + O´´i  + 4 OO 
2 Nb2O5 ↔ 4 Nbi
 
·
Ti + V´´´´Ti  + 10 OO 
 
The second example is aluminum doping. If Al2O3 is dissolved substitutionally in TiO2 
and if the predominating defects are oxygen vacancies, the reaction may be written 
Al2O3 ↔ 2 Al´Ti + V··O + 3 OO 
In this case the oxygen vacancy concentration is increased and correspondingly the electron 
concentration will be decreased [21]. The substitutional aluminum atom is, in this case, an 
acceptor impurity. 
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Chapter 3  
Thin film preparation 
 
 
The manufacture of titanium oxide thin films is a sequence of three main stages. 
1) The first stage consists in the choice of the substrates on which the oxide will be 
deposited. It depends on the kind of measurements planned for the sample. For 
example, depending on the thin film electrical resistance, electrical characterization is 
carried out preferentially on indium tin oxide coated glass (ITO) or on glass. Chemical 
analyses are advantageously made on top of a silicon substrate.  
2) The second step is the deposition of the titanium oxide thin film by reactive sputtering, 
possibly followed by a heat treatment. 
3)  If necessary, electrical contacts are deposited in a third step by thermal evaporation 





The substrate is important because it can influence the structure and the properties of the 
thin film. In an ideal case, all measurements should be made on the same kind of substrate to 
make sure that good correlations can be established between results, but it is often not 
possible. The substrates are described below and their use is listed in Table 3.I. 
 
• Glass coated with indium-tin oxide (ITO): polycrystalline thin films (100nm, rutile-like 
structure) on glass, transparent to visible and near-infrared light, resistance 18 Ω/   (MBC 
Merck Balzers Ltd). 
• Glass: amorphous, transparent to visible and near-infrared light, electrical insulator 
(microscope slides, RE-WA Lehmann-Schmidt). 
• Silicon: single crystal, (001) oriented, transparent to near and middle infrared light, 
resistivity 3-5 Ω cm, n-type doping (ACM). 
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• Silicon with both faces polished: single crystal, (001) oriented, transparent to near and 
middle infrared light, resistivity 0.07-0.13 Ω cm, p-type doping (ACM). 
Table 3.I: Use of the substrates*. 
Measurement type Name 
Structural Chemical Electrical Optical 
ITO X-ray diffraction 
spectroscopy - 
Insulating 


















Secondary ion mass 
spectroscopy 
- 5000 cm-1 < λ < 600 cm-1 
*See Chapter 4 for more details. 
 
 
3.2 Reactive sputtering 
 
3.2.1 Process description 
 
The basic sputtering mechanism will be explained first in the simple case of a DC (direct 
current), diode, sputtering system (see Figure 3.1). Substrates are placed in a vacuum chamber 
facing the target which is composed of the material to be deposited. The sputtering gas is 
often an inert gas, generally argon, which is introduced into the chamber to a pressure 
between 10-3 to 10-2 mbar. A high negative voltage is applied to the target (cathode), while the 
substrate holder (anode) is connected to the chamber walls and to the ground. Under the 
applied high voltage, the gas is ionized and a plasma is created between the (small) cathode 
and the (large) anode. Positively charged ions are accelerated toward the cathode and their 
impact sputters atoms off the target. These atoms travel across the chamber and a fraction of 
them land on the substrate, resulting in a film that grows in thickness. The deposition rate 
depends on many parameters, especially on the pressure inside the chamber and on the power 
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Figure 3.1: DC diode sputtering system. 
 
If either the target or the material deposited is an insulator, an insulating layer may form 
over the target and accumulate charges until the discharge actually stops. In such a case, the 
DC power supply must be replaced by a RF power supply. The discharge frequency must be 
greater than 100 kHz to have a continuous discharge, i.e. in order to maintain the plasma 
discharge. Usually the applied frequency is the RF industrial frequency (13.56 MHz). In a low 
gas pressure discharge, electrons have a greater velocity than the ions, which are several 
thousand times heavier. Objects plunged inside the plasma sustain a more important electron 
bombardment than ion bombardment, and therefore they charge negatively until the ion 
current and electron current are equal. The bias that appears negative compared with the 
plasma potential is called self-bias. The current-voltage characteristic for the ion current in the 
dark space near an electrode is not linear, but has a diode-like curve. When RF voltage is 
applied, due to the asymmetric I-V characteristic, the total positive current crossing the 
electrode is larger than the total negative current; thus an additional negative bias appears 
leading to a zero dc current. Supposing that the anode and cathode currents are equal, and that 
the voltage bias is proportional to the inverse of the capacity, using the Langmuir-Child 
equation [1] for the ion current density near the electrode 
j = K V
3/2
 M1/2 d2 
where d is the thickness of the space charge zone, M is the ion mass, and K is a constant, we 
obtain the following relation between the self-polarization potential of the electrodes and the 
electrode areas: Vanode/Vcathode = (Acathode/Aanode)2 [1]. This means that the larger the electrode, 
the smaller the self-polarization potential. Usually, the substrates are electrically connected to 
the sputter chamber, while the target makes the second, smaller electrode. 
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It is often more convenient to use a metal target instead of a ceramic target for sputtering, 
because a metal target has a good thermal conduction, it is easy to machine, and it can be used 
with a DC power supply. A reactive gas (O2, CH4, N2 or H2S, etc.) is added to the sputter gas 
in order to deposit oxides, carbides, nitrides or sulfides from a metal target. The chemical 
composition of the thin films can be varied over a wide range by adjusting the partial pressure 
of the reactive gas. With a titanium target, using O2 as the reactive gas, TiOx thin films with x 
ranging from 0 to 2 can be obtained, provided that the pumping speed or the gas flow rate in 
the installation is high enough to minimize hysteresis effects in the deposition rate and layer 
composition [4]. Sputtering performed in the presence of a reactive gas is called reactive 
sputtering. With our sputtering deposition conditions, TiO2 thin films can be deposited by 
reactive DC sputtering using a titanium metallic target. 
 
 
TiO2 thin films have been produced in two different facilities. The necessity for changing 
the deposition equipment did not arise from scientific reasons, but from the fact that the first 
equipment broke down. As the design of both installations is quite different, the deposition 
parameters could not be transferred from one installation to the other. The characteristics of 
each facility are described in the following paragraphs. 
 
 
3.2.2 Triode apparatus (Sputtron, Balzers) 
 
The Sputtron equipment is designed to make depositions on several substrates at the same 
time. Thus the distance between the substrates and the target is relatively large, about 25 cm; 
it results in a low deposition rate. As shown in Figure 3.2, the substrates are placed on a 
rotating substrate holder in a quasi-vertical position. Among the four targets present inside the 
chamber, only one could be active at any given time, but it is possible to switch from one to 
the other without opening the chamber and so to deposit multilayer thin films. The plasma is 
confined with a magnetic coil and it is sustained with an auxiliary electron gun. The presence 
of an auxiliary anode inside the electron gun explains the term “triode” describing this kind of 
installation. Triode sputtering allows a lower gas pressure during the deposition and the 
plasma parameters are not sensitive to the power applied to the target. Infrared lamps can heat 
the substrates up to 320°C. 
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Figure 3.2: Diagram of the triode installation. 
 
As only one target is available at any given time, a composite target was used for the 
deposition of TiO2:Nb, TiO2:Fe and TiO2:Ce thin films. In the case of TiO2:Nb or TiO2:Fe, 
the composite target consisted of a titanium disk (purity 99.5%, 60 mm diameter) with 19 
holes drilled on the front surface (Figure 3.3). The doping concentration was controlled by 
changing the number of holes filled with Nb2O5 powder (purity 99.998%) or Fe2O3 powder 
(purity 99.999%). For the deposition of TiO2:Ce, titanium targets  (purity 99.5%, 60 mm 
diameter) with a single hole of appropriate diameter filled with CeO2 powder were used. RF 






Figure 3.3: Composite target. 
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3.2.3 Magnetron installation (Latorus, home made) 
 
The Latorus apparatus is a diode, magnetron sputtering system. It is called a magnetron 
system because permanent magnets are arranged under the target so as to create a magnetic 
field that confines the plasma and increases its density in the immediate vicinity of the target. 
The magnetic field creates a torus of plasma just above (less than 1 cm) the target as shown in 
Figure 3.4. It also prevents substrate heating by electrons that are efficiently confined by the 
magnetic field. Magnetron sputtering makes possible an increase of the ion concentration in 





Figure 3.4: Magnetron target. 
 
Only small substrates (max 2” in diameter) can be used in this installation, and the 
substrates can be replaced without breaking the vacuum inside the deposition chamber thanks 
to an introduction chamber (see Figure 3.5). More than one deposition can be achieved in one 
day. The substrates are placed in a horizontal position and the distance between substrate and 

















Figure 3.5: Diagram of the magnetron installation. 
 
Doped TiO2 films are also prepared with a composite target (titanium: purity 99.98%, 2” 
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diameter and appropriate metal oxide) like in the triode installation. 
 
 
3.2.4 Depositions parameters 
 
When film doping was attempted by way of a target modification, a maximum number of 
parameters were left unchanged to highlight the doping effects. Reference undoped thin films 
were also deposited, and in principle only the size or the number of holes filled with oxide 
powders was changed. The substrate temperature was set high enough to produce 
polycrystalline material and low enough to obtain the anatase structure rather than the rutile 
structure. The minimum temperature depends on the discharge current, and on the total 
pressure [5-6]. The anatase phase is favored by a high partial pressure of oxygen. 
TiO2 thin films deposited in the triode installation at substrate temperatures lower than 
150°C are amorphous. Generally the substrate temperature was set around 260°C. With a total 
pressure of 10-3 mbar and a RF power between 700 W and 1000 W, an Ar 78%, O2 gas 
mixture was needed to obtain TiO2. These conditions lead to mixed anatase/rutile thin films 
with a small fraction of anatase [Appendix C]. By increasing the oxygen concentration up to 
30%, thin films are composed of the anatase phase only on most of substrates, excepted for 
ITO substrates, which still develop the rutile structure. In the magnetron apparatus, extensive 
tests led us to the parameters given in Table 3.II. The large distance between substrates and 
target, in the case of the triode installation, is counterbalanced by a high RF power source that 
maintains a sufficient deposition rate. 
Table 3.II: Deposition parameters in the case of doping by target modification. 
Installation Triode Magnetron 
Total pressure [mbar] 1 x 10-3 2.5 x 10-3 
O2 partial pressure [%] 30 7 
RF power [W] 700 - 1000 100 
Substrates temperature [°C] 260 - 280 250 
Substrates – target distance [cm] 25 9 
 
The first titanium oxide thin films prepared with water vapor as reactive gas were prepared 
in the triode installation, shortly before its final breakdown. As a consequence, the 
reproducibility of the deposition procedure could not be verified. The major part of the study 
on TiO2-x was made in the magnetron installation. At the beginning, a lot of deposition 
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parameters had to be adjusted in order to obtain satisfactory layers, at which most parameters 
could be frozen. The DC current was monitored and set at value equal or less than 400 mA, as 
higher currents would damage the target. The total gas pressure was as low as possible to 
maintain a plasma discharge (2.5 x 10-3 mbar) in order to have parameters close to those of 
the triode installation. The main variations concerned the water vapor partial pressure and the 
substrate temperature (see Table 3.III). 
Table 3.III: Deposition parameters with water vapor as reactive gas. 
Installation Triode Magnetron 
Total pressure [mbar] 1 x 10-3 2.5 x 10-3 
H2O partial pressure [%] 0 – 30% 0 – 100% 
Source supply RF: 700 – 1200 W DC: 300 – 400 mA 
Substrates temperature [°C] 260 - 280 20 - 300 
Substrates – target distance [cm] 25 9 
 




3.3 Thermal evaporation: contact deposition 
 
Particles of the material to be deposited can sometimes be obtained by evaporation. The 
material is placed in a crucible that can be heated, by the Joule effect for example, to a 
temperature higher than its boiling or sublimation point (see Figure 3.6). The chamber is 
evacuated to a pressure of the order of 2 x 10-6 mbar to preserve the purity of material 
deposited. If a patterned deposition is needed, a mask in the form of a metal sheet with 
appropriate cutouts is placed close to the substrate. 
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Figure 3.6: Thermal evaporation diagram. 
 
Gold or aluminum electrical contacts were deposited by thermal evaporation. 
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Chapter 4  
Thin film characterizations 
 
 
Each sample was characterized, first of all, by its chemical composition and its structure. 
The electrical properties were then investigated, since one of the goals of this work was to 
modify and stabilize the electrical conductivity of TiO2. Finally, optical measurements 
provided useful information on phase composition and morphology, and on the electrical 
carrier concentration and its spatial distribution. 
This chapter gives a rapid overview of the analysis techniques used to characterize our 
titanium oxide thin films. 
 
 
4.1 Chemical composition 
 
A rough estimate of the chemical composition of titanium oxide can be obtained by judging 
its color. When the ratio x in TiOx varies from 0 to 2, the thin films display the following 
colors: gray, golden yellow, brown, black, dark blue and transparent [1]. Purple and blue 
colors can appear in thin films exhibiting a chemical composition gradient. Quantitative, bulk, 
chemical analyses were carried out by electron probe x-ray microanalysis (EPMA). Surface 
chemical bonding analyses could be obtained with x-ray photoemission spectroscopy (XPS). 




4.1.1 Electron probe x-ray microanalysis (EPMA) 
 
Electron probe microanalysis is based on the measurements of characteristic x-rays 
emitted from a small region of a solid specimen bombarded by a beam of accelerated 
electrons. The characteristic x-ray photons, which are specific of the atomic number of the 
28 Electronic properties of nano-crystalline titanium dioxide thin films 
                                                                                                                                                        
 
emitting atoms, are analyzed in EPMA. The photon energy identifies the emitting element, 
and after some corrective calculations and comparison with standards, the geometry of the 
volume emitting the characteristic photons can be defined, and in turn the concentration of the 
emitting atoms can be determined [2]. With incident electrons of 12 keV, the measured 
volume is about 1 (µm)3 with a depth penetration around 700 nm, which is larger than the 
thickness of most thin films prepared in this work. The measured chemical composition is 
therefore a value averaged over the whole film thickness. 
The chemical composition was analyzed on samples deposited on silicon substrates. To 
avoid electrical charging during the measurement, a thin carbon layer (200 Å) was deposited 
on top of the sample. Dr. François Bussy performed the measurements on a CAMECA SX50 
installation at the Institute of Mineralogy, University of Lausanne, Switzerland. Si, Ti, O, Nb, 
Ce, Fe, and F atoms were quantified with the following standards: bare silicon substrate, rutile 
(TiO2), β niobium oxide (Nb2O5), cerium phosphate (CePO4), hematite (Fe2O3), and topaz 
(Al2 Si O4 (F O H)2). A model was used to take into account the fact that the samples are thin 
films and to remove the silicon substrate contribution [3]. 
 
 
4.1.2 X-ray photoelectron spectroscopy (XPS) 
 
Photoelectron spectroscopy is based on the measurement of the energy of electrons 
emitted from a surface bombarded by a beam of x-rays [4]. Like in the EPMA technique, each 
atom has its own signature. One of the most important capabilities of XPS is its ability to 
measure shifts in the binding energy of core electrons resulting from a change in the chemical 
environment of the emitting atom. In this way the degree(s) of oxidation of each atomic 
species can, in principle, be measured. The depth penetration of this chemical analysis is only 
a few nanometers, thus surface contamination and surface oxidation have a great influence on 
the results and samples must be carefully prepared to obtain valuable informations. 
The XPS studies were performed on samples deposited on silicon using a SCIENTA 
ESCA 300 system equipped with a rotating anode, Al Kα x-ray source, an x-ray 
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4.1.3 Secondary ion mass spectroscopy (SIMS) 
 
In secondary ion mass spectroscopy, an energetic beam of focused ions is directed at the 
sample surface in a high vacuum environment. The transfer of energy from the impinging 
primary ions to the sample surface causes the sputtering of surface atoms and molecules. 
Some of the sputtered species carry positive or negative charges; they are called secondary 
ions. The secondary ions are mass analyzed using a mass spectrometer. This method can 
detect many trace elements and is sensitive to isotopes. For example, hydrogen and deuterium 
can be separated. SIMS is a destructive analysis technique [5]. 
The purpose of our secondary ion mass spectrometry (SIMS) analysis was the 
quantification of the residual hydrogen content. The measurements were performed at the 
Materials Department, EPFL, by Dr D. Léonard with a time-of-flight-SIMS spectrometer. 
 
 
4.2 Structure and morphology determination 
 
Thin films deposited by sputtering are made of small grains that can be crystalline or 
amorphous. The size, shape and stacking of the grains are part of the film morphology. For 
example, the films may show a compact or a columnar structure depending on deposition 
parameters like reactive gas pressure or substrate temperature [6]. X-rays diffraction was used 
to determine if the film is amorphous or polycrystalline. X-rays diffraction also gives 
information on grain size and phase composition. Atomic force microscopy was used to 
describe the film morphology with more details. 
 
 
4.2.1 Film thickness 
 
The thin film thickness was measured with an Alphastep 500, Surface Profiler (Tencor 
Instruments). The profiler scans a tip over the sample surface while recording its vertical 
position. The tip is pressed on the surface with a constant force. Measurements paths included 
sections on the bare substrate, which were under the mask during the deposition, and sections 
covered by the thin film. The film thickness is the average over 3 or 4 measurements. 
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4.2.2 X-ray diffraction 
 
This technique uses the diffraction of x-rays by core electron of atoms. If the sample is a 
crystal, x-rays are diffracted only in directions verifying the Bragg condition: 






where d is the distance between crystal planes, θ  the incidence angle, n an integer, and λ the 
wavelength of the x-rays. 
In the case of our samples, which are polycrystalline thin films, measurements were made 
with a monochromatic x-ray beam. The diffraction angle 2θ was varied in an appropriate 
range and the diffracted intensity was recorded as a function of 2θ. 
In principle, each crystal has is own signature: the position of the peaks depends on the 
crystal symmetry and on the size of the elementary cell of the lattice. Crystalline phases 
present in a sample can be identified by comparison with x-ray diffraction curves compiled in 
standard databases [7]. The shape of each Bragg peak results from a convolution of the 
crystallite size, of the experimental resolution function, and of internal stress. If we assume 
that stress is weak and if the resolution of the setup is good enough, the size can be calculated 
from the full width at half maximum (FWMH) of the peak with the Scherrer equation [8]: 
 Size = 0.9 λ
width cos(θ)  
where width = FWMH2 – GW2  in radian, and GW is the diffractometer broadening. 
In mixed anatase-rutile TiO2 thin films, the weight fraction Wa of the anatase phase was 
estimated from the relation: 




proposed by Spurr [9], where IR
IA
 is the ratio between the most intense rutile peak ((110),       
2θ = 27.438) and the most intense anatase peak ((101), 2θ = 25.281). 
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Measurements were performed on a Rigaku diffractometer, with a Cu X-ray tube (Cu Kα 
wavelength 1.54246 Å). Two types of diffraction configurations were used: grazing incidence 
and θ-2θ. In the first case, the angle between the thin film surface and the incident x-ray beam 
was kept constant at a low value, 5° typically. In the second case, the angle between the thin 




4.2.3 Atomic force microscopy (AFM) 
 
Atomic force microscopy is based on forces between two solids at atomic distances. In 
contact mode, a cantilevered tip is carefully brought into close vicinity of the sample, and 
when it is close enough, the cantilever bends. An optical system (comprising a laser and 
position detectors) coupled with piezoelectric motors keeps the tip at the same bending angle 
while the surface is scanned by moving the tip across the sample in a TV frame fashion. In 
this way a topographic image of the surface is obtained. In the non-contact mode, the tip is 
forced to vibrate at a resonant frequency. When the tip is close enough to the sample surface, 
the vibration is damped and its amplitude decreases. The tip is moved in such a way that the 
damping remains constant during the scan of the surface [10]. 
The morphology of our thin films was investigated by atomic force microscopy (AFM) 
with a “Topometrix AFM” by Dr. Christophe Ballif, Dr. Rosendo Sanjinés, and Dr. Cécile 
Zakri of our institute. 
 
 
4.3 Electrical properties 
 
Electrical impedance can be measured as a function of several parameters like 
temperature, applied voltage, atmosphere surrounding the sample, etc. Each type of 
measurement gives complementary information about the sample, providing that the electrical 
contacts are well defined. The contact material and the contact geometry must be chosen to 
minimize the contact contribution to the impedance of the system unless the object of the 
study is the contact itself. The contacts must remain stable during the measurement, especially 
when the sample is heated, since heat will accelerate diffusion or oxido-reduction processes. 
Gold is stable on TiO2 regarding thermal treatments and it is easy to evaporate, thus most of 
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the electrical measurements made use gold contacts. In some cases, aluminum replaced gold 
when the electrical barriers appearing between gold and titanium oxide had to be avoided. The 
electrical conductivity σ of the thin films studied varies between 10-10 S m-1 and 106 S m-1, so 
it was impossible to use the same contact geometry for all the samples. 
When conductivity was less than 10-1 S m-1, a transverse geometry was adopted (see 
Figure 4.1). The back contact was an indium-tin oxide (ITO) layer and typically the top 
contact surface S was 2 mm2. In this geometry, electrical shorts could develop through 
pinholes, thus some 30 top contacts were deposited on each sample and measurements were 
carried out on the contacts that showed the highest resistance. An increase of the film 
thickness decreases the percentage of shorted samples. A thickness of 300 nm is a good 
compromise between deposition time (~3 hours) and shortcut prevention. 
When conductivity is higher than 10-1 S m-1, a coplanar geometry was used. To avoid 
contact contributions, a four-point geometry, either square or “Van der Pauw”, was used 
instead of two-point measurements. In this way, ideally, voltage was measured without 
current going through the voltage contacts, eliminating contact artifacts. In the case of      
four-point in a square geometry [11], contacts must be located far enough from the edges of 
the sample, whereas with Van der Pauw measurements, point contacts must located along the 
edge of the sample [11-12]. 
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where R = π/ln(2) (V12/I34+V14/I23)/2
 * f((V12/I34)/(V14/I23))















Figure 4.1: Geometry used for electrical measurements. 
 
 
4.3.1 Current-voltage measurement 
 
Current-voltage (I-V) characteristics are mainly used to characterize the electrical 
interactions between the electrical contacts and the sample to be measured.                     
Metal-semiconductor contacts are typically Schottky barriers. If the barrier is high, the contact 
34 Electronic properties of nano-crystalline titanium dioxide thin films 
                                                                                                                                                        
 
impedance is high when the contact is reverse polarized. If the barrier is sufficiently low (less 
than 500 meV at room temperature) the contact behaves like a linear resistor for both 
polarizations. Information on the barrier height can be obtained from I-V curves. When the 
semiconductor is highly resistive, non-linear, power-law I-V curves are often observed, which 
indicate various forms of carrier injection [13]. If the sample resistance is high enough, the 
contact resistance can be neglected. When Schottky contacts are formed, the barrier height 




4.3.2 Temperature dependence of the conductivity 
 
The evolution of the conductivity of the thin film as a function of temperature gives 
information on the conduction mechanisms. In the case of a metal, the electrical conductivity 
decreases when the temperature increases, while in the case of a semiconductor, the reverse 
phenomenon usually occurs. Donor or acceptor energy levels of impurities incorporated into a 
semiconductor material can be determined from the temperature dependence of the electrical 
conductivity (see Chapter 2). 
 
 
4.3.3 Impedance spectroscopy 
 
Measurements of electrical impedance as a function of frequency allow the determination 
of certain contact properties, and, with the help of models, of certain characteristics of 
polycrystalline or multi-phase samples, in particular the effects of grain boundaries [15]. 
 
 
4.3.4 Seebeck effect 
 
When a sample is submitted to a temperature gradient, an electrical potential develops 
between the cold and the hot regions. This is called the thermoelectric or Seebeck effect [14]. 
The sign of the electrical potential is connected to the sign of the charge carriers and the 
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amplitude is proportional to the temperature difference. To determine if the charge carriers are 
electrons or holes, qualitative measurements were made on thin films deposited on glass. The 
samples were placed on a heater in a way appropriate to establish a temperature gradient (see 
Figure 4.2). A thermal gradient of up to 25°C/mm could be obtained in this way over a 
distance of 2 mm. Layers with low conductivity were heated up to 350°C to decrease their 






Figure 4.2: Geometry for Seebeck effect measurements. 
 
 
4.4 Optical properties 
 
With respect to the electronic properties of the sample, the optical properties in the     
near-infrared, visible, and ultra-violet ranges are a rich source of information. The infrared 
properties are sensitive to the free carrier concentration. In the far and middle infrared they 
reflect the vibrations of the atoms of the material (phonons), and also electronic transitions 
involving impurity levels. In the visible and UV range, interband transitions are predominant. 
For certain specific applications, the color is an important property of the thin film, for 
instance for transparent, conductive coatings or decorative coatings. It is necessary to quantify 
the light transmission, absorption, and/or reflection in order to gain insight into the electronic 
properties of the material. 
 
 
4.4.1 Transmission and reflection 
 
For transmission measurements, the sample (including the substrate) must be sufficiently 
transparent. In the infrared range, silicon wafers with both side polished were chosen, while 
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glass (quartz) was used in the visible (ultra-violet) range. For reflection measurements, any 
substrate can be used. The determination of the optical constants, i.e. the refraction index n 
and the absorption coefficient k, requires a measurement of both transmission and reflection 
coefficients and a good knowledge of the sample structure (substrate optical properties, film 
thickness, film roughness,…). 
Measurements in the near-infrared range (5000 cm-1 to 400 cm-1 or 0.05 eV to 0.62 eV) 
were performed on a Perking-Elmer 983G photospectrometer. For the near-infrared, visible 
and ultra-violet range (0.5 eV to 6 eV), a Cary-2300 UV-VIS-IR spectrophotometer was used. 
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Chapter 5  
Doping by target modification 
 
 
This chapter discusses the effect of different impurities incorporated into TiO2. Firstly, an 
explanation for the choice of the impurities studied will be given. Secondly, measurements on 
n-type, insulating, and p-type TiO2, obtained with niobium, cerium, and iron doping 
respectively, will be presented. It will be shown that the introduction of impurities does not 
only give rise to donors and acceptors, but also changes the oxygen vacancy concentration in 




5.1 Choice of the impurities 
 
We are not only interested in the value of the electrical conductivity but also in its stability 
with respect to temperature cycling. For this reason, it is necessary to understand in detail the 
effects of doping with respect to electronic transport and morphology. These mechanisms are 
complex and complementary measurements are required, such as structural determination and 
chemical analysis. Only a small number of impurities could be studied in the time available 
for this study. The choice is large among all the possible atoms of the periodic table and one 
has to find selection criteria. The lack or abundance of reports available in the literature on a 
given impurity is not always an indication of potential usefulness of that particular dopant. 
For instance, germanium doping is reported to leave the TiO2 resistivity unchanged [1]. Ge 
appears in the quoted article not for itself, but for the purpose of a comparison with Mg, Sb, 
Ta, and W doping. In our case, we dealt with thin films of TiO2 deposited at temperature 
below 300°C in order to obtain the anatase phase of TiO2. Anatase has a higher electronic 
mobility than rutile. Contrarily to the rutile phase of TiO2, anatase has been much less studied 
until now, and little has been published on the doping of anatase. It would be interesting to 
obtain samples with different electrical characteristics, for example TiO2 with a high n-type 
electrical conductivity, and TiO2 with a high p-type electrical conductivity, provided that 
these properties are stable in time. 
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The effect on conductivity of residual impurities present in metallic titanium should, in 
particular, be understood if applications are considered. The chemical composition of two 
grades of titanium used as targets in the sputtering facilities is given in Table 5.I. In both 
cases, the major impurity is iron. The most common oxidation state of iron is +3 and in this 
oxidation state, its ionic radius of 0.64 Å is close to the ionic radius of Ti4+ (0.68 Å). Thus, if 
a Fe atom replaces a Ti atom, it could act as an acceptor just like the aluminum atom (see 
Chapter 2) and produce p-type TiO2. Moreover, few studies have been realized on Fe-doped 
TiO2 and most of them present measurements at high temperature on rutile or on single 
crystals [2-7]. For these reasons, iron was selected to prepare p-type TiO2, although aluminum 
[8-10], chromium [11-13] or manganese [14] could also be good candidates. 
Table 5.I: Typical impurity concentration in titanium targets 
Atom 
Ti grade 2 (99.5%) [15] 
Weight percent max 
Ti 99.98% pure [16] 
ppm 
Fe 0.30 95 
O 0.25 - 
C 0.1 - 
N 0.03 - 
H 0.015 - 
Al - 10 
Si - 10 
 
In order to fabricate n-type TiO2, we decided at first to use niobium: this impurity is one 
of the most often atom used to improve electrical properties of TiO2 under all possible shapes 
(crystal, ceramic, thin films,…) [17-19]. We show below that the search for higher n-type 
conductivity can follow another route, which will be extensively described in Chapter 6. For 
this reason, the study of niobium doping was relatively limited compared to the other dopants 
investigated. 
As was mentioned earlier, if TiO2 is to be useful in applications, it has to be stable with 
respect to thermal cycling. Undoped TiO2 does not fill this condition since it will loose or 
gain oxygen atoms when heated, and consequently change its conductivity. Doping with 
cerium was investigated with the purpose of obtaining TiO2 thin films with stable insulating 
properties. This atom has the same most common oxidation state +3 as iron, but the Ce3+ ionic 
radius (1.13 Å) is much larger than the Fe3+ ionic radius (0.64 Å). As we will see, this size 
difference has the consequence that TiO2:Ce becomes amorphous at high Ce concentration, 
and at the same time it becomes a stable insulator. Cerium doping will emphasize the 
importance of structure modification on the electrical conductivity of TiO2. It is not possible 
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to think in the same way as in the case of doping of monocrystalline silicon because high 
impurity concentrations are needed to exceed the native oxygen vacancy concentration and 
therefore modify the TiO2 electrical conductivity. Such high impurity concentrations, which 
are beyond the solubility limit in the bulk material, have strong consequences on the structure 
and morphology of TiO2 thin films. 
 
 
5.2 Niobium-doped titanium oxide 
 
 
5.2.1 Deposition parameters 
 
Nb-doped TiO2 thin films were prepared by reactive sputtering in both the triode and the 
magnetron facilities. The deposition parameters are reported in Table 5.II. Gold dots (2 mm2) 
were evaporated on top of the film as electrical contacts. Electrical measurements were 
carried out in this transverse geometry (ITO / TiO2:Nb / Au). 
Table 5.II: TiO2:Nb deposition parameters. 






Triode 900 280 0 
Triode 800 280 estimation 0.3 
Triode 800 280 estimation 0.6 
Magnetron 100 250 2.9 
 For more details, see chapter 3. 
 
The Nb concentration of samples deposited in the triode installation is an estimation 
because no silicon substrates were used during these depositions, thereby preventing the 
EPMA analyses. The electrical conductivity of thin films deposited in same conditions, for 
which chemical analyses were available, could not be determined because all the contacts 
were electrical shorts. Shorts occur through pinholes, which were numerous in these samples. 
The deposition of many small contacts (~30 for each samples) reduced this problem, but it 
was not always successful. 
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5.2.2 Structure and oxidation state 
 
The crystal structures of undoped TiO2, niobium-doped TiO2, and bare ITO, determined 
by x-ray diffraction, are reported on Figure 5.1. As expected, anatase is the dominant phase, 
(80 weight %) in undoped TiO2 deposited on ITO, the average anatase crystallite size, 
determined with the Scherrer formula, is 22 nm, while the rutile crystallite size is smaller  
(10 nm). The weight fraction of anatase in thin films deposited on ITO increases as the film 
thickness increases [20]. The rutile-like structure of SnO2, which is present in ITO, is likely to 
be at the origin of the nucleation of the rutile phase observed during the initial growth stages. 
With increasing film thickness, the anatase phase eventually predominates. The nucleation of 
the rutile phase is limited to the film/ITO interface, because it requires a high temperature to 
form [21]. At low Nb concentration the film structure is again anatase with the same 
crystallite size, while at higher concentration, the crystallite size decreases and the amount of 
rutile increases to 70 % of rutile with 2.9 at.% of niobium. This is consistent with the facts 
that niobium oxide can exhibit a rutile structure with an NbO2 composition [22], and that 
NbO2 and TiO2 are mutually and completely soluble, forming a NbxTi1-xO2 solid solutions 
with the rutile structure for 0 < x < 0.85 [23]. The NbO2 phase has not been detected in the 
TiO2:Nb samples. 










Figure 5.1: X-ray diffraction spectra of undoped and Nb-doped TiO2 thin films. 
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An XPS spectrum of TiO2:Nb is reported in Figure 5.2. The position of the Ti 2p3/2 peak 
(458.8 eV) is close to the value reported for Ti4+ (458.7 eV) [24]. As expected in TiO2, the 
oxidation state of titanium is 4+. The Nb2O5 3d5/2 peak can be modeled by a single gaussian 
peak centered at an energy of 207.4 eV. This energy is closer to the bonding energy reported 
in the case of Nb-doped TiO2 deposited by molecular beam epitaxy (207 eV), than to the 
binding energy in the case of Nb2O5 prepared in the same way (208.0 eV) [19]. This indicates 
that niobium atoms replace titanium atoms and assume the same oxidation state of 4+ as 
titanium atoms. Thus they can increase the electrical conductivity as donors impurities as it 
shown by the following chemical reaction already given in chapter 2: 
Nb2O5 ↔ 2 Nbi
 
·
Ti + 4 OO + 2 e’ + ½ O2 
Seebeck measurements confirm that Nb-doped TiO2 is an n-type semiconductor. 































Figure 5.2: XPS spectrum of TiO2:Nb. (a) Ti 2p core level, (b) Nb 3d core level. 
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5.2.3 Electrical properties 
 
The dc electrical conductivity of undoped TiO2 and Nb doped TiO2 is reported in 
Figure 5.3. Both small polaron hopping and band conduction have been observed in TiO2, 
depending on temperature and doping. Hopping conduction occurs at low temperature in 
poorly conducting or disordered material [25]. It is characterized by a low electron mobility, 
typically less than 10-5 m2/Vs. In rutile TiO2, the temperature of transition between band 
conduction and hopping conduction is situated around 300 K according to N. Tsuda [26]. 
H. Tang has shown that the conductivity of anatase thin films is due to band conduction rather 
than small polarons conduction [27]. In our case, the less conducting samples have the anatase 
structure and we can verify that the activation energy of the electrical conductivity is well 
defined. As the measurements were made at temperature higher than 300 K, we assume that 
the dc electrical conductivity is due to band conduction. Hopping type conduction could only 
be seen in insulating, amorphous TiO2 sample doped with Ce which are presented in the next 
section. The frequency dependence of hopping and band conduction is different. The band 
conductivity is frequency independent, whereas the hopping conductivity is proportional to ωp 
with 0 < p < 1 and increases with frequency [28]. Depending on the temperature, if the 
frequency is high enough, hopping conduction can take over the electrical conductivity even 
if the band conduction is the dominant mechanism at low frequency. 
The activation energy of undoped TiO2 (0.65 eV) is much larger than the activation energy 
of shallow donor levels created by oxygen vacancies. This can be understood if we assume 
that intrinsic impurities produce trap or acceptor levels below the shallow donor levels of 
TiO2. This intrinsic impurity is possibly iron which is always present in titanium as can be 
seen in chemical analyses of the targets. If we suppose that iron has a similar deposition rate 
as titanium [29] to simplify the calculation, 0.3 weight % in the target (the maximum 
expected value in the targets used in this study) correspond to 0.08 at.% in TiO2 thin films, 
which is below the detection level of EPMA measurements. Iron has never been observed by 
EPMA in undoped TiO2 samples. This allows an iron concentration in the range between 1025 
and 1026 m-3, close to the intrinsic impurity concentration inferred in reference 20. A similar 
compensation of the native shallow donors could also result from other impurities or complex 
defects such as an oxygen vacancy associated with interstitial oxygen. We do not have 
enough evidences to determine the origin of the trap level, but it is important to know that it 
exists to understand the electrical conductivity of TiO2. 
When the niobium concentration increases, the conductivity increases while the activation 
energy decreases. At high niobium concentration, the resulting activation energy (0.17 eV) is 
close to the activation energy measured in the case of ceramic TiO2 doped with 4 at.% of 
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niobium (0.14 eV) [17], while the conductivity is much less (1.3 x 10-3 S m-1 instead of 
100 S m-1). If we estimate the electrical conductivity with an electron mobility of 
0.3 x 10-4 m2/Vs [27], assuming that all the niobium atoms act as a donor impurities 
(concentration: 2.8 x 1027 m-3), and assuming the same concentration of oxygen vacancies and 
intrinsic traps as in undoped TiO2, we obtain a conductivity of 7 S m-1 at room temperature. 
The difference between the calculated and measured value is so important that we have to 
reconsider the role of niobium inside our thin films. One possible explanation could be that 
99.9% of the niobium atoms are not active donors because they are located in the grain 
boundaries. A better explanation is that the electrons given by the niobium atoms are trapped 
by defects generated by the introduction of niobium into the titanium oxide structure. A 
model that considers each niobium atom as donor with ionization energy of 0.14 eV 
compensated at 99.85% by electron traps gives the conductivity represented by the solid line 
on the Figure 5.3 in the case of the most conducting sample. If the charge compensation 
required for niobium incorporation is provided by a lattice defect (interstitial oxygen or 
titanium vacancy) instead of electron liberation, such a trap defects is created (see Chapter 2) 
Nb2O5 ↔ 2 Nbi
 
·
Ti + O´´i  + 4 OO 
2 Nb2O5 ↔ 4 Nbi
 
·
Ti + V´´´´Ti  + 10 OO 
The result is an increase of the electrical conductivity respectively to undoped TiO2, in a 
much less important proportion than in the case of electron emission [30]. The fact that the 
oxidation state of niobium, measured by XPS, is between 4+ and 5+ might indicate that 
interstitial oxygen is created by niobium incorporation, but a deeper investigation is necessary 
to prove or to disprove this statement. 
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 TiO2:Nb 2.9 at.%
 TiO2:Nb ~ 0.6 at.%









Figure 5.3: Influence of Nb doping on the DC conductivity of TiO2 thin films. The solid 





The investigation shows that the niobium does not act as a donor impurity only, contrary 
to many reports found in the literature. The incorporation of more than 0.6 % of niobium 
induces a phase transition from anatase to rutile, and it was shown that defects are created by 
the introduction of niobium atoms resulting in a conductivity much lower than the 
conductivity obtained in doped ceramic, where 100 S m-1 was measured on TiO2:Nb with       
4 at.% of niobium. Nevertheless, the electrical conductivity of undoped titanium is improved 
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5.3 Cerium-doped titanium oxide 
 
 
For certain applications, it is important to have insulator with high dielectric constant. For 
example thin film electroluminescent devices (TFELD) provide an attractive alternative to 
solid-state, LCD, flat panel displays [31]. Dielectric materials play a decisive role in the 
performance of these Metal – Insulator - Semiconductor (phosphor) – Insulator - Metal 
(MISIM) structure. Under actual operating conditions, very high electrical fields of the order 
of 1-2 x 108 V/m are applied to the phosphor layer. The role of the dielectric is to prevent the 
device breakdown under these high fields and to keep charges suitably trapped in interface 
states so that they do not leak out into the phosphor at lower fields. Most important of all, a 
dielectric with high permittivity lowers the operation threshold voltage as it increases the 
electric field in the emitting layer for a same applied voltage. It leads to lower power 
consumption in both devices and addressing circuits, which in turn can be controlled by lower 
voltage drivers. 
A number of studies have reported attempts at finding suitable dielectrics for TFELD 
applications having the highest figure of merit, which is defined as the product of dielectric 
constant and breakdown electric field εO ε Ebd [32]. This figure of merit, which indicates the 
maximum trapped charge density for an insulator material, is of the order of 4-6 µC/cm2 in 
classical TFELD [33]. Because of its high permittivity, TiO2 is a potential candidate provided 
its electrical properties can be controlled. A figure of merit of only 1 µC/cm2 has been 
reported corresponding to a high permittivity ε (60) but very low breakdown field Ebd        
(20 x 106 V/m) [33]. 
We will show that the Ce-doping improves the resistivity and stability of TiO2. A 2.1 at.% 
Ce concentration leads to an increase of the resistivity of TiO2 by a factor 300, an increase of 
the breakdown voltage by a factor 10, and a reduced variation of the permittivity with 
frequency. A frequency independent constant value between 35 and 45 is obtained for the 
permittivity. Electrical and structural characterization of TiO2:Ce are discussed below, while a 
complete analysis of electroluminescent properties of the devices made with TiO2:Ce is 
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5.3.1 Deposition parameters 
 
Ce-doped TiO2 thin films were deposited by reactive RF sputtering in the triode facility. A 
fraction of the surface of the Ti target was replaced by compressed CeO2 powder disks. The 
deposition temperature was set between 260°C and 280°C. The deposition conditions, which 
varied from one deposition to the next, are reported in Table 5.III. Gold or aluminum dots     
(2 mm2) were evaporated on top of the film as electrical contacts. Electrical measurements 
were carried out in this transverse geometry (ITO / TiO2:Ce / Au or Al). 
Table 5.III: TiO2:Ce deposition parameters. 
RF power [W] 
CeO2 area / 





900 0 0.50 0.0 
900 1.8 0.66 0.3 
1000 0.36 0.14 0.4 
750 1.44 0.08 1.2 
900 2.56 0.21 1.8  
900 2.56 0.17 2.1 
For more details, see chapter 3. 
 
The evolution of the cerium concentration is not a monotonic function of the fractional 
area of the target composed of CeO2 powder, especially for sample containing 0.3 at.% of 
cerium. This is not related to cerium oxide itself, but to the difference in deposition rate of 
each deposition. After a few hundred hours of deposition, the targets tend to deform slightly, 
and their temperature increases during the deposition. As a result, the total deposition rate 
increases, affecting mostly the deposition rate of titanium oxide. Thus the cerium 
concentration incorporated in the thin film decreases compared to a deposition with a lower 
total deposition rate. We can see that with this kind of composite target, the deposition rate is 
an important parameter and that a compromise between the deposition rate and the impurity 




 Doping by target modification  49 
                                                                                                                                                        
   
5.3.2 Structural characterization and morphology 
 
The mixed-phase morphology of the undoped films (see Figure 5.1) is also observed on 
Ce-doped films deposited on ITO as long as the concentration of Ce remains below 1.2 at.%. 
No significant change is observed in the crystallite size of the anatase phase compared to that 
of undoped films. A further increase of the Ce concentration leads to an amorphization of the 
films. On highly Ce-doped films (>1.2 at.%), the mismatch between the ionic radii of Ti4+ 
(0.68 Å) and of Ce4+ (1.01 Å) or Ce3+ (1.13 Å) is suspected to be at the origin of the 
amorphization. The amorphous morphology of these films persists in spite of 
high-temperature thermal treatments such as rapid or long thermal annealing (RTA or LTA) 
up to 873 K. At intermediate Ce-doping concentrations (0 - 1.0 at.%), amorphous films can 
also be obtained by deposition at 373 K. Upon thermal treatment up to 673 K such films 
transform into pure anatase even on top of an ITO substrate. 
 
 
5.3.3 DC electrical properties 
 
The dc electrical conductivity of TiO2:Ce (cf. Table 5.III for preparation conditions) was 
measured between 300 and 600 K. Its dependence on the Ce concentration is reported in 
Figure 5.4. Ce doping decreases the TiO2 conductivity so that samples doped with 2.1 at.% of 
Ce have a conductivity 300 times lower than undoped samples. The experimentally 
determined activation energy of the conductivity decreases slightly from 0.65 eV for light 
doping to 0.60 eV for heavy doping. If Ce were acting as a simple electron trap or as a simple 
acceptor, the activation energy would actually increase with increasing compensation, which 
is contrary to observation. Since the Ce ion is much larger than the Ti4+ ion (1.01 Å versus 
0.68 Å) it is quite unlikely that Ce can act as a substitutional impurity. For steric reasons, 
however, the formation of a complex defect comprising a Ce atom and an oxygen vacancy in 
close proximity should be energetically more favorable. The model we have developed in 
reference [20] can be summarize with the following chemical reaction: 
CeO2 ↔ Ce´Ti + V··O + OO + ½ O2 + e’ 
Kofstad has proposed several models [35] of defect equilibria in which the concentration of 
an intrinsic defect (here, the oxygen vacancy) becomes equal to the concentration of the 
extrinsic impurity.  
If one assumes that the electron mobility µ ≅ 0.3 x 10-4 Vs/m2 is less dependant on the 
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temperature that the electron concentration (exponential behavior) [27], one obtains the 
conductivity σ = q µ n reported as solid lines in Figure 5.4. The numerical values are given in 
Table 5.IV. 
The conductivity drop between polycrystalline films (Ce concentration < 1.2 at.%) and 
amorphous films indicates that the mobility is 3000 times lower in amorphous samples than in 
polycrystalline material. As expected, electronic conduction in the amorphous films appears 
to be a hopping process rather than a band process. The progressive decrease of the activation 
energy at low temperature is another telltale sign of hopping conduction [36]. 




























Figure 5.4: Influence of Ce doping on the dc conductivity of TiO2 films. The solid lines 
represent the dc conductivity calculated using values given in Table 5.IV. 
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Table 5.IV: Numerical values for dc conductivity. 
Ce concentration [at.% // m-3] 0 // 0 0.3 // 2.6x1026 2.1 // 1.9x1027 
O vacancy concentration [m-3] 1x1025 2.58x1026 1.9x1027 
O vacancy shallow level [eV] [27] <0.2 eV 
O vacancy deep level [eV] 0.65 0.65 0.6 
Intrinsic trap concentration [m-3] 1.01x1025 
Energy gap [eV] [27] 3.20 
Mobility [104 m2/Vs] 0.3 0.3 0.0001 
Conduction band density of states [m-3] 1026 
 
 
5.3.4 Dielectric properties 
 
The dielectric properties of Ce-doped films have been investigated in the frequency range 
extending from 102 to 106 Hz. The effects of the Ce concentration on the dielectric properties 
of an anatase (0.4 at.%) and an amorphous (2.1 at.%) films are shown in Figure 5.5. Ce 
doping shifts the ac conductivity towards lower values while the maximum value of the ac 
permittivity and the frequency dispersion of heavy doped films are much weaker than that of 
lightly doped films. The film with the largest Ce doping (2.1 at.%) exhibits a frequency 
independent permittivity. The temperature dependence of the ac permittivity and ac 
conductivity of heavily Ce-doped films have been investigated over the temperature range 
from 300 to 573 K. The results of the measurements performed on a 230-nm-thick, 2.1 at.%, 
Ce-doped amorphous film are shown in Figure 5.6. 
The frequency dependence of the permittivity and conductivity of all the films discussed 
here obey a simple power law, viz. σ(ω) = σ0 + σ1 ωp and ε(ω) = ε∞ + ε1 ω(p-1), with 0 < p < 1 
and ε0 ε1 = σ1 tan(p π/2), where ε0 is the permittivity of vacuum and σ0 the dc conductivity. 
The solid curve in Figure 5.5 and Figure 5.6 represents the values obtained with this power 
law. This behavior is commonly observed on a wide range of insulating or poorly conducting 
materials [37-40]. In the particular case of 4.5TiO2-x.2P2O5 glass [37], it has been shown to 
ensue from hopping conduction. When the Ce concentration increases, the exponent p 
increases from 0.65 (undoped) to 0.86 (2.1 at.% Ce). In several hopping theories [37], the 
increase of p at a given temperature indicates that the typical distance between hopping sites 
decreases. In our case, it indicates that distance between hopping sites varies like the distance 
between Ce impurities. The decrease of p with temperature (strong frequency dispersion at 
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high temperature) is consistent with Springett's hopping model [37]. At high temperature, the 
electronic transport is dominated by conduction band conductivity that results in an almost 
frequency-independent resistivity. As a result, σ1 becomes much smaller than σ0. 

































Figure 5.5: Influence of Ce doping on the dielectric properties of TiO2 films. a) 
conductivity vs. frequency, b) permittivity vs. Frequency. The solid lines represent the 
calculated conductivity and permittivity. 
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Figure 5.6: Temperature dependence of the dielectric properties of 2.1 at.% Ce-doped 
TiO2 films. a) conductivity vs. frequency, b) permittivity vs. frequency. The solid lines 
represent the calculated conductivity and permittivity. 
 
 
5.3.5 Insulator breakdown characteristics 
 
Figure 5.7 shows the current density as a function of the electric field for TiO2 thin films 
having different Ce concentrations (cf. Table 5.III for preparation conditions). In doped films 
the current at low fields is more than two orders of magnitude lower than in the undoped 
films. This confirms the higher resistivity of the doped material. The breakdown threshold is 
identified as the abrupt bending off (knee) of the curve at a field of about 3x106 V/m. Beyond 
the knee an avalanche-like current increase results in a destructive breakdown of the insulator. 
In films containing 0.4 at.% Ce, the current at low fields is lower than in the undoped films, 
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but the breakdown knee is not modified. A further increase in Ce concentration induces a shift 
of the breakdown knee towards higher electric fields: it is located at 7x106 V/m for films 
containing 1.2 at.% of Ce and above 107 V/m for the most heavily doped sample (2.1 at.%). 
The breakdown field increase is due to both the introduction of cerium traps and to the 
transformation from crystalline anatase to an amorphous structure. The breakdown mode 
depends on the metal used for electrical contacts. With Al contacts, the typical top contact 
used for electroluminescent devices, a propagating breakdown occurs, while with Au 
contacts, breakdown is self-healing. This property can be used to repair shorted devices. 
Using high voltage (~10 V) for a small time (~1 s), the short current path can be eliminated by 
Joule heating, and the remaining contact, with a smaller surface, can be used for electrical 
measurements. 
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Figure 5.7: Ce-doped TiO2 thin films. Electrical current density vs. electrical field for 
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5.3.6 Electroluminescent devices 
 
Electroluminescent devices using TiO2:Ce as insulators have been prepared in 
collaboration with the team of Professor P. Benalloul from the Laboratoire d’Accoustique et 
d’Optique de la Matière Condensée at the Paul and Marie Curie University in Paris. Some 
results are presented in the following section, more details can be found in appendix A. A 
CeO2 layer was added to the second TiO2:Ce insulator to increase the breakdown voltage 
from 107 to 108 V/m, with a slight decrease of the mean dielectric constant of the second 
insulator to about 35. The brightness of our device is compared with a standard device in 
Figure 5.8. The high permittivity of the TiO2:Ce/CeO2 insulator compared to the Y2O3 
insulator results in a substantial decrease of the threshold voltage for device B. In this case, 
the threshold voltage goes down from 88 Vrms to 40 Vrms. The highest brightness saturation 
of device B and the steep increase of the brightness show that the interface between TiO2:Ce 
and ZnS:Mn does not leak carriers, as seen in the well-defined curve of Figure 5.8. The 
incorporation of a CeO2 layer in the insulators protects the device against breakdown, so that 
it can be driven to brightness saturation. 
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Figure 5.8: Brightness versus applied voltage for electroluminescent devices having 
Y2O3 and TiO2:Ce as insulators. 
 
Cerium doped TiO2 is suitable as an insulator in electroluminescent devices. The 
combination of TiO2:Ce and CeO2 insulators have a figure of merit of 3.1 µC/cm2 comparable 
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The TiO2 electrical properties have been stabilized and improved by cerium doping, 
resulting in a lower conductivity (10-9 S m-1), a higher electrical breakdown strength              
(2 x 107 V/m), and a high value of the permittivity (45±5). The film structure is anatase at low 
doping (<1.2 at.%) and becomes amorphous for higher Ce concentration. The dc conductivity 
measurements show that cerium incorporation into TiO2 has two effects. Due to the large Ce 
ionic radius, new oxygen vacancies are created into the oxide and electron traps are 
simultaneously introduced. The combination of these two effects results in a decrease of the 
TiO2 conductivity with Ce doping. The ac conductivity and ac permittivity can be explained 
by including a hopping contribution in the electron conduction process. At high Ce 
concentration, the permittivity is frequency independent. The performance of TiO2:Ce as 
insulator is demonstrated in the case of electroluminescent devices. 
 
 
5.4 Iron-doped titanium oxide  
 
 
5.4.1 Deposition parameters 
 
Fe-doped TiO2 thin films were prepared by reactive RF sputtering in the triode apparatus. 
Silicon, glass, and ITO-coated glass substrates were heated to 260°C during the deposition. 
The RF power was 700 W, and the deposition rate was between 0.2 and 0.4 Å/s. Table 5.V 
summaries the properties of the films. 
Gold contacts were evaporated on top of the thin films deposited on ITO coated glass and 
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Table 5.V: TiO2:Fe thin film properties. 
name thickness 
[nm] 






A 300 0 0 3.15 x 10-6 0.65 
B 290 1 trace 4.11 x 10-5 0.51 
C 240 3 0.13 3.30 x 10-7 0.59 
D 290 5 0.32 4.28 x 10-9 0.63 
E 190 7 0.51 1.82 x 10-8 0.65 
F 200 9 0.72 1.81 x 10-7 0.56 
G 240 13 0.97 2.68 x 10-6 0.54 
H 350 19 1.30 3.47 x 10-6 0.51 
For more details, see chapter 3. 
 
The dependence of iron concentration in the films on the number of holes filled with iron 
oxide powder in the titanium target is reported in Figure 5.9. It varies from 0.1 to 1.3 at.% in 
the most heavily doped sample. The concentration evolution is monotonic with the number of 
holes filled. The use of a lower power in the case of iron doping (700 W) than in the case of 
cerium doping (900 W) allow a better control of the doping concentration by preserving the 
target from overheating. The first part is linear and when more than 9 holes are filled, the 
resulting iron concentration increases more slowly. This can be explained by the fact that the 
holes are filled from the center to the edge of the target and that the plasma is denser in the 
center of the target. Therefore, the contribution of the outside holes during the deposition is 
less important. 






















# holes filled with Fe2O3 in the titanium target
 
Figure 5.9: Iron concentrations vs. number of holes filled in the titanium target. 
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5.4.2 Structural characterization and morphology 
 
The thin film structure was investigated by x-ray diffractometry in a θ / 2θ angle 
configuration. X-ray diffraction spectra (Figure 5.10) reveal the influence of Fe doping on the 
structure of the TiO2 thin film. For Fe concentration lower than 0.32 at.%, the rutile phase is 
not present in the films. When the Fe concentration increases, the weight percentage of the 
rutile phase becomes more and more important, it reaches 60 % for the sample with 1.3 at.% 
Fe, that are the thicker samples (see Table 5.V), thus the fact that the rutile phase is the most 
important in these samples is not due to the influence of the ITO substrate. The increase of the 
rutile phase weight percentage is accompanied by a decrease of the anatase grain size. Values 
calculated with the Scherrer formula applied on the most intense anatase peak (110) (shown in 
Figure 5.10), indicate that the crystallite size decreases from 22 to 11.5 nm. No tendency to 
amorphization has been observed with Fe doping, whereas samples doped with more than 
1.2 at.% Ce are consistently amorphous (see chapter 5.3). This can be explained by the fact 
that the Fe3+ ionic radius (0.64 Å) is close to the Ti4+ ionic radius (0.68 Å). The 
transformation from the anatase to the rutile structure with Fe doping is consistent with 
Bregani’s observations [41], who noted that impurities like Cu, Mn, Cd, Fe, Co, Zn favor the 




























Figure 5.10: X-ray diffraction spectra of the Fe-doped TiO2 thin films. 
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An AFM image from sample D (0.32 at.% Fe) is reported in Figure 5.11. It shows that the 
thin films are composed of small crystallites. The crystallite diameter, around 35 nm, is larger 
than the size measured with XRD (10 to 20 nm). As XRD, in θ/2θ diffraction configuration, is 
sensitive to the crystallite thickness perpendicularly to the film and AFM image shows the 
film surface, this means either that the grains are not spherical or that the grains are larger at 
the film surface than in the inner region. 
 
Figure 5.11: AFM image of sample D (0.32 at.% Fe). 
 
 
5.4.3 Electrical properties 
 
The dc electrical conductivity versus temperature was measured for various Fe 
concentrations (Figure 5.12). For a fixed temperature, as the Fe concentration increases, the 
conductivity at first decreases, goes through a minimum for an Fe concentration between 0.13 
and 0.32 at.% and then increases again (see Figure 5.13 (a) ). This kind of behavior, already 
reported in the literature for the case of Mn-doped TiO2 [14], suggests a transition from n-type 
to p-type electrical conduction. Thermoelectric power measurements made at 350°C show 
that samples A and B have n-type conductivity (negative thermoelectric power) and that other 
samples have p-type conductivity (positive thermoelectric power). The thermoelectric power 
is lower in sample C than in samples D to H where it is nearly constant. This means that the 
transition between n-type and p-type TiO2:Fe occurs for an Fe concentration near 0.13 at.%. It 
has been reported in the literature that Fe impurities act as acceptor impurities in TiO2 [4]. But 
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it must be noted that sample B, the sample with the lowest Fe doping, shows an n-type 
conductivity higher than that of the undoped or, more accurately, not intentionally doped 
sample A at room temperature. This indicates that new oxygen vacancies are induced by the 
presence of iron atoms as proposed by Sayle et al. [3]. The activation energy Eact is lower in 
the case of low Fe doping (sample B, 0.51 eV) than in the case of the undoped sample A     
(0.65 eV). This confirms that the oxygen vacancy surroundings are different in each case. The 
ratio between the Fe-induced oxygen vacancy concentration and the iron concentration must 
be greater than 0.5 so as to account for the fact that all the acceptors created by the iron atoms 
are compensated by electrons given up by the oxygen vacancies (two electrons are available 
from each vacancy). As the iron concentration increases the donor (vacancy) over acceptor 
(iron) ratio decreases and when it becomes lower than 0.5, switching from n-type to p-type 
conductivity becomes possible. 











 B:  trace
 C: 0.13 at.%
 D: 0.32 at.%
 E: 0.51 at.%
 F: 0.72 at.%
 G: 0.97 at.%














Figure 5.12: Influence of Fe doping on the DC conductivity of TiO2 thin films. The solid 
lines represent the dc conductivity calculated using the values given in Table 5.VI. 
 Doping by target modification  61 
                                                                                                                                                        
   







































Figure 5.13: The evolution of the conductivity at 333 K (a) and the activation energy (b) 
versus the Fe concentration. Lines are guide for the eyes. 
 
Numerical values given in Table 5.VI quantify the above discussion; the corresponding 
conductivities are reported in Figure 5.12. A maximum number of parameters were kept 
constant to make the interpretation of the results easier. In fact only the ratio between the iron 
impurities and the oxygen vacancies was changed from one fit to the next. The unknown  
p-type mobility was assumed to be 0.1 x 10-4 m2/Vs and a reasonable value of the valence 
band density of states of 9 x 1025 m-3 was chosen. Each iron atom produces an acceptor level 
fixed at 0.5 eV above the valence band in these fits, but it might be different in rutile and 
anatase. The other parameters are the same as those used in the analysis of the TiO2:Ce 
conductivity (see Table 5.IV). 
Table 5.VI: Numerical values for dc conductivity. 




A 0 - 
B Trace ~ 0.05 0.75 
C 0.13 0.75 
D 0.32 0.47 
E 0.51 0.47 
F 0.72 0.40 
G 0.97 0.15 
H 1.30 0.15 
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The ratios of oxygen vacancy concentration over iron concentration given in Table 5.VI, 
indicate that TiO2 thin films with 0.13 at.% Fe (VO/Fe = 0.75 > 0.5) have n-type conductivity 
contrary to the prediction derived from Seebeck measurements performed on samples 
deposited on glass substrates. This means that the deposition is not uniform in the chamber 
and that there is a little more iron on glass substrate than on ITO substrates. As Si substrates 
used for the chemical analyses were on the same support in the deposition chamber as the ITO 
substrates, we must hope that iron concentration is thin films deposited on ITO is the same as 
the iron concentration measured on top of silicon. 
The fact that the iron atoms create fewer oxygen vacancies at high concentration is 
consistent with the transformation from the anatase to the rutile structure when the iron 
concentration increases. Oxygen vacancies are necessary to stabilize the anatase structure [41] 
but iron can crystallize in a rutile-like structure as FeS2 or (Ta,Ti,Fe)O2 compounds [42] for 
example. Therefore, Fe atoms create fewer oxygen vacancies in the rutile structure than in the 
anatase structure. 
 
The permittivity versus frequency was measured for different Fe concentrations (Figure 5.14). 
At low doping, the permittivity exhibits a high value, which varies with frequency. Although 
the permittivity of the most heavily doped samples (> 0.72 at.%) is lower than that of sample 
B (see Table 5.V), it also decreases with increasing frequency. The lowest permittivity values 
are observed in highly resistive thin films, for which the permittivity is frequency 
independent. The values (around 40) are quite the same as the value reported for Ce-doped 
TiO2. It is interesting to check if the hopping model is suitable to interpret the electrical 
conduction in Fe-doped TiO2 thin films. The fits using the hopping model, represented by 
solid lines in Figure 5.14, show that this model is satisfactory. At low Fe doping (sample B), 
the exponent p associated with hopping conduction is higher than in the case of an undoped 
sample. Contrary to the case of cerium doping, p decreases down to 0.45 when the iron 
concentration increases as shown in Figure 5.15. The different behavior between iron and 
cerium doping, even at low doping when anatase thin films are produced in both cases, 
emphasize the different impurity insertion mechanism. The difference is probably related to 
the number of oxygen vacancy introduced together with the impurity. High ratio between 
impurities and oxygen vacancy concentration results in a high exponent p. 
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Figure 5.14: Influence of Fe doping on the permittivity of TiO2 thin films. The solid 
lines represent the calculate permittivity and conductivity. 
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5.4.4 Optical properties 
 
All TiO2:Fe thin films are transparent in the visible range. The optical transmission of thin 
films deposited on glass is presented in Figure 5.16. The absorption edge for interband 
transitions appears at a lower energy in highly Fe-doped samples than in undoped samples. 
This behavior reflects the increased proportion of rutile in heavily doped samples; and our 
analysis of the optical properties must take into account the heterogeneous nature of the 
samples composed of nanocrystalline grains. To describe this behavior, a model based on an 
effective medium theory has been used to take into account the presence of both anatase and 
rutile phase in the films. 







 undoped TiO2, 90% anatase, 285 nm
 TiO2:Fe, (0.13 at.%), 90% anatase, 235 nm












Figure 5.16: Optical transmission of Fe-doped TiO2 thin films deposited on a glass 
substrate. The solid lines represent the calculated optical transmission. 
 
Effective medium theories propose that the dielectric constant of a heterogeneous system 
is a function of the dielectric constant of the constituents and of the morphology. The theories 
apply if the characteristic size of the inhomogeneities is smaller than the wavelength of light. 
The best-known effective medium models are the Maxwell Garnett [43] and the Bruggeman 
[44] model. An excellent review of the effective model approximation has been published by 
D. E. Aspnes [45]. 
The Maxwell Garnett theory considers a sample composed of spherical inclusions with 
dielectric constant εi embedded in a medium with dielectric constant εm. The fraction of 
volume of the inclusions is noted pi. The model considers that the inclusion have no 
interactions, so that the distance between them must be large enough. This model applies for 
small amounts of inclusions. The effective dielectric constant εeff is given as: 
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εeff - εm





εi + 2 εm
 
The Bruggeman effective medium approximation considers that the medium that embeds 
each constituant particle is the effective medium itself. The Bruggeman effective dielectric 






εi + 2 εeff
 = 0 
where pi is the fraction of volume of material i with a dielectric function εi. The Bruggeman 
model is expected to apply when p  
 
G. W. Milton has calculated the regions of εeff in the complex plane that are available for a 
two	
	46]. These regions are shown in Figure 5.17. Depending on what is 
known about the composite, the bounding region is 
• Ω(ε1, ε2) if we have no knowledge of the geometry of the composite. 
• Ω’(ε1, ε2; p1, p2) if the volume fractions p1 and p2 = 1- p1 of the components are 
known. 
• Ω’’(ε1, ε2; p1, p2; d) if p1 and p2 are known and if the structure of the composite is 
isotropic. Here d is the dimensionality of the system we are considering (d = 2 or 3). 
 
The bounds for the effective dielectric constant in the case of a mixture of metal titanium 
(ε1 = -2.2 + 6.9 i) and transparent rutile (ε2 = 7.2) for a photon energy of 2 eV [47], are 
presented in Figure 5.17. In this figure the chosen volume fraction of rutile is 
p1 = 1 - p2 = 0.01, and  
A = p1 ε1 + p2 ε2 corresponds to needles parallel with electric field 
B = (p1/ε1 + p2/ε2)-1 corresponds to plates perpendicular to electric field 
X3 = ε1 + 3 p2 ε1 (ε2 - ε1)3 ε1 + p1 (ε2 - ε1)
 corresponds to sphere of component 2 coated by component 1 
Y3 = ε2 + 3 p1 ε2 (ε1 - ε2)3 ε2 + p2 (ε1 - ε2)
 corresponds to spheres of component 1 embedded in 
component 2 
The dashed lines delimit the region Ω which contains the effective dielectric constant of 
all possible mixtures of titanium and rutile. It is situated between the straight line joining the 
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dielectric constants of rutile and titanium and the arc ε1Bε2. The dotted lines delimit the 
region Ω’ in the case of p1 = 0.01. They correspond to arcs AX3B and AY3B. The region Ω’’ 
is delimited by the solid lines. The square represents the effective constant calculated with the 
Bruggeman effective approximation. As expected, it is included in the smaller region of 
effective dielectric function. In this case, it is close to Y3, which correspond to small Ti 
spheres in the Maxwell Garnett approximation. 


























Figure 5.17: Bounds of the effective dielectric constant εeff in the case of a mixture of 
metal titanium (ε1 = -2.2 + 6.9 i) and rutile (ε2 = 7.2) calculated for a photon energy of 
2 eV. The regions Ω, Ω’, and Ω’’ are delimited by dashed lines, dotted lines, and solid 
lines respectively. The square represents the effective dielectric constant of a mixture 
containing 1 % of titanium calculated with the Bruggeman effective medium 
approximation. A, B, X3 and Y3 are calculated with the formulae given in the previous 
page. 
 
Similar calculations applied to anatase and rutile mixtures lead to smaller regions of the 
complex plane available for the effective dielectric function because rutile and anatase have 
similar optical properties. The largest difference occurs around the band gap energy which is 
different in each phase, namely 3.0 eV for rutile at room temperature and 3.4 eV for anatase. 
If we apply Milton’s limits for the case of the dielectric constant of a mixture of anatase 
(ε1 = 10.4 + 0.3 i) [48] and rutile (ε2 = 14.1 + 1.8 i) [47] at 3.5 eV, we obtain the curves 
presented in Figure 5.18. At low rutile volume fraction, the Bruggeman effective theory gives 
results similar to the value calculated with the Maxwell Garnett approximation as shown by 
the solid lines. Therefore, the Bruggeman approximation was used to model the measured 
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Figure 5.18: Bounds of the effective dielectric constant εeff in the case of a mixture of 
anatase (ε1 = 10.4 + 0.3 i) and rutile (ε2 = 14.1 + 1.8 i) calculated for a photon energy of 
3.5 eV. The regions Ω and Ω’ are delimited by dashed lines and dotted lines 
respectively. The square represents the effective dielectric constant of a mixture 
containing 60 % of rutile calculated with the Bruggeman effective medium 
approximation. The solid lines represent the effective dielectric constant calculated with 
the Bruggeman and Maxwell Garnett effective medium approximation. 
 
The optical transmission of the thin films was calculated using the weight percent of anatase 
calculated from the XRD spectra. The dielectric constants of rutile and anatase were taken 
from reference 47 and 48. The anisotropic rutile dielectric constant was averaged with the 
Bruggeman effective medium approximation considering that 1/3 of the rutile particles have 
their optical axis parallel to the incident beam. The result is represented by solid lines in 
Figure 5.16. This calculation shows that the change in the absorption spectrum in not actually 
related to the iron concentration, it simply reflects the change of structure from anatase to 
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We have shown that iron doping induces a transformation from anatase to rutile, without 
amorphization for doping concentrations lower than 1.3 at.%. Electrical measurements 
confirm that iron is an acceptor impurity. The introduction of iron generates more oxygen 
vacancies in anatase than in rutile. A large fraction of the acceptors created by the iron atoms 
is compensated by the oxygen vacancies created by the same iron atoms. Thus, in spite of 
high doping concentration, the p-type electrical conductivity of TiO2:Fe is not much greater 
than the n-type electrical conductivity observed in undoped TiO2. The transition from n-type 
to p-type electrical conduction occurs for an iron concentration around 0.13 at.%. The highest 
p-type conductivity reached at room temperature is 10-6 S m-1. The influence of the iron atom 






We have seen that the incorporation of high concentration of impurities induces structure 
modifications in TiO2 thin films. Therefore, it is difficult to predict the electrical properties of 
doped TiO2. The electrical conductivity measured in the case of n-type TiO2 obtained with 
niobium (1 x 10-3 S m-1) doping is 1000 higher than the conductivity of undoped TiO2. This 
can appear as a great step, but we are dealing with percent concentrations of impurities and if 
we compare this result with what is happening in the case of the doping of silicon, we find 
that a majority of these impurities are compensated by defects created by the impurity itself. 
The large amount of defects, with concentrations close to that of the incorporated impurity, 
seems usual in the case of transition metal ions, but it may also be due to the low temperature 
of deposition, less than 300°C. Ceramic Nb-doped TiO2 with a resistivity of 100 S m-1 can be 
prepared at higher temperature around 1000°C [17][49]. In the case of p-type conductivity, 
with iron doping an electrical conductivity similar at most to that of undoped TiO2 can 
reached. 
To increase the conductivity of TiO2, different approaches can be used. It is difficult to 
increase the charge carrier mobility. Firstly, as mentioned in Table 2.I, the mobility is lower 
in thin films than in single crystals (up to 100 times lower), because they are composed of 
small crystallites (~25 nm) separated by grain boundaries that impede the movement of the 
charge carriers. 
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We have seen that the introduction of impurities in TiO2 induces a structural degradation 
resulting in grains smaller than in undoped TiO2. The impurities also act as scattering centers 
that decrease the mobility. A significant increase of the mobility is an unrealistic enterprise. In 
order to increase the charge carrier density the total number of donors or acceptors can be 
increased, but it is better to try to find an impurity with a lower activation energy. At room 
temperature, if the activation energy decreases from 0.5 eV to 0.2 eV, the charge carrier 
density is increased by a factor 105. It is also important to find impurities that do not create 
defects when they are incorporated in TiO2 in our deposition conditions. In our experiments, 
we have found no such impurity. 
Table 5.VII summarizes the conductivity and activation energy obtained for several 
dopants. In the case of conductive TiO2 the highest electrical conductivity achieved at room 
temperature is reported, and in the case of insulating TiO2 the lowest electrical conductivity is 
reported. It is important to notice that the highest electrical conductivity in the case of n-type 
and p-type conductivity were obtained when the rutile phase was the dominant phase, even 
though the electrical mobility is lower in rutile than in anatase. 
Table 5.VII: Summary of TiO2 thin film electrical conductivity. 
material structure on ITO conductivity [S m-1] activation energy [eV] 
TiO2:Nb rutile + anatase n-type, 1 x 10-3 0.17 
TiO2:Fe rutile + anatase p-type, 2 x 10-6 0.51 
Undoped TiO2 anatase + rutile n-type, 1 x 10-6 0.65 
TiO2:Ce amorphous n-type, 3.5 x 10-9 0.6 
 
Though interesting results were obtained with niobium doping, our subsequent efforts 
were focussed on a different attack of the problem. TiO2 with an n-type electrical conductivity 
around 100 S m-1, 105 time higher than the better electrical conductivity measured on our thin 
films deposited using a composite target, have been obtained by using water vapor instead of 
oxygen as a reactive gas. The description of these thin films is the subject of Chapter 6. 
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Chapter 6  
TiO2 x deposited with H2O as reactive gas 
 
 
One of the important goals of our work on sputtered TiO2 is the obtainment of conductive, 
n-type TiO2 films that are stable up to 300°C or more. In the past, a commonly explored 
approach has been the addition, either as interstitials or as Ti-substitutes, of many metal 
atoms, and to a lesser degree, the addition, either as interstitials or as O-substitutes, of halogen 
atoms. We have chosen the option to attempt to change the stoichiometry of TiO2 directly, i.e. 
by a modification of the sputtering gas that would affect the way oxygen is incorporated into 
the oxide thin film. We have obtained remarkable results by replacing the O2/Ar mixture of 
the usual sputtering gas by an H2O/Ar mixture 
Other transparent conducting oxides (TCO) have been deposited by sputtering with an 
addition of water to the reactive gas already. In many cases, the conductivity of indium tin 
oxide [1-2], ZnO [3] or WO3 [1] decreases slightly when H2O is added to the reactive gas, but 
in a recent publication, the conductivity of amorphous ITO was shown to double when water 
vapor was used [4]. In all cases, the thin film morphology (grain size, texture or density) is 
modified by the addition of water vapor. To our knowledge, the deposition of TiO2 with water 
vapor as reactive gas has not been attempted yet. Preliminary tests with oxygen and a small 
addition of water vapor as reactive gas do not modify in a significant manner the properties of 
the deposited thin films. For this reason it was decided that our work would concentrate on the 
deposition of TiOx either with a mixture of argon and oxygen (type O TiOx), or with a mixture 
of argon and water vapor (type W TiOx). 
 
 
6.1 Preliminary results 
 
 
The first step consisted in verifying that TiO2 thin films can be deposited with water 
vapor. Depositions made in the triode installation showed that the full stoichiometry range of 
TiOx can be obtained as presented in Figure 6.1. The H2O partial pressure must be higher than 
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the corresponding O2 partial pressure to obtain a given chemical composition, which can be 
explained by the fact that for a given pressure there are more oxygen atoms available with O2 
gas than with H2O. Indeed, in a plasma composed of water vapor, the main species are H2O, 
H and OH. The pressure ratio between oxygen and water vapor necessary to obtain a given 
chemical composition is less than 2 and decreases from 1.7 to 1.3 when the stoichiometry 
increases. A detailed plasma analysis should be undertaken to understand quantitatively the 
evolution of this ratio. Changes in oxygen concentration in the films are accompanied by 
color changes from golden yellow for nearly cubic TiO films to transparent for TiO2 films, 
passing through brown and dark blue. 












 H2O as reactive gas






Reactive gas partial pressure [%]
 
Figure 6.1: Chemical composition of TiOx thin films versus reactive gas partial pressure 
in the triode installation. 
 
The corresponding XRD spectra, reported in Figure 6.2, reveal that transparent TiOx films 
(1.95 ≤ x ≤ 2) are composed of a mixture of the anatase and rutile phases. When the oxygen 
concentration decreases, in both cases the rutile phase dominates with a grain size smaller 
than 10 nm. At lower oxygen concentration, type W TiOx amorphous films are obtained, 
while type O TiOx x-ray diffraction spectra show Ti2O3 and Ti3O5 diffraction patterns. No 
amorphous type O TiOx thin films were observed. Golden yellow TiOx (0.9 ≤ x ≤ 1.25) have 
the same fcc NaCl structure as TiN. The lattice parameter a is 0.422 nm in the case of type W 
TiOx, which is considerably larger than the lattice parameter of Type O TiOx a = 0.419 nm 
that closely matches the values reported in the literature forTiO1.12 crystals a = 0.418 nm [5]. 
 
TiO2 x deposited with H2O as reactive gas  75 
                                                                                                                                                         
   










































Figure 6.2: X-ray diffraction spectra of TiOx deposited with (a) H2O and (b) O2 as reactive 
gas. 
 
In a recent work, we have shown that the mechanical properties (hardness) of cubic TiOx 
is improved when oxygen is replaced by water vapor as reactive gas during the sputtering 
deposition [6]. In the case of the electrical conductivity, the improvement is situated in the 
stoichiometry region close to TiO2 (see Figure 6.3). Transparent, rutile, type W TiOx thin 
films with electrical conductivity as high as 300 S m-1 could be obtained. In the case of type O 
TiOx, either black conductive thin films or transparent insulating thin films were produced. 
Thus, a more detailed analysis of TiOx properties in the region 1.9 < x < 2 was undertaken. 
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 H2O as reactive gas
 O2 as reactive gas
 
Figure 6.3: Electrical conductivity of TiOx thin films deposited with oxygen or water 
vapor as reactive gas. 
 
The following results were obtained with thin films prepared in the magnetron installation 
because, at that time, the triode installation had broken down. As the sample stoichiometry 
was always close to TiO2, the term TiO2 x will replace the generic term TiOx used above. 
 
 
6.2 Deposition conditions 
 
 
When titanium oxide is deposited by sputtering, important reactive gas instabilities can 
occur affecting the stoichiometry of the thin films for a given set of deposition parameters [7]. 
It is important to work in well-controlled deposition conditions with a strict starting 
procedure. The deposition rate as a function of the water vapor or oxygen partial pressure is 
reported in Figure 6.4. Depositions were made either from a target cleaned during 5 min in a 
pure argon atmosphere or from targets oxidized in the respective reactive gas (H2O or O2). 
The relation between deposition rate and reactive gas partial pressure is similar in both cases. 
At the beginning, the deposition rate increases as the chemical composition evolves from 
metal titanium to fcc titanium monoxide. Beyond this point, the deposition rate decreases 
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rapidly while titanium dioxide is deposited. The deposition rate depends on the target 
oxidation. When the reactive gas pressure increases a competition between target oxidation 
and target sputtering is established. If the pressure is high enough, the target oxidized abruptly 
and the deposition rate drops significantly. In a reverse way, when the target is oxidized and 
the reactive gas partial pressure is decreased, the target oxidation is removed and the 
deposition rate increases. The pressure necessary to oxidize the target is higher than the 
pressure required to reduce the target surface. This phenomenon leads to a hysteresis loop in 
the deposition rate and chemical composition of the thin films versus reactive gas partial 
pressure. A hysteresis loop appears only in the region where the deposition rate is maximum. 
Thin films deposited at this high deposition rate are composed of fcc titanium oxide. TiO2 x is 
obtained using a higher reactive gas partial pressure where no hysteresis effects are observed 
The fact that the hysteresis covered only a small portion of reactive gas partial pressure, 
compared to other installations, comes from the high pumping speed available in this 
installation: 170 l s-1 at a pressure of 2.5 x 10-3 mbar (25 standard cubic centimeter per 
minute). If the pumping speed increases, the incoming gas flow must also be increased to 
maintain the same total pressure. The reactive gas flow gettered by sputtered atoms becomes 
less important relatively to the total gas flow and thus the hysteresis loop shrinks and finally 
disappears [8]. A high pumping speed provides more stable and reproducible depositions even 
if it is to the detriment of the deposition rate. 













Clean target  
Oxidized target
hysteresis region











Reactive gas partial pressure [%]
 
Figure 6.4: Deposition rate of TiOx thin films versus water vapor or oxygen partial 
pressure. 
 
Analyses by mass spectrometry of the reactive gas during the deposition show the 
presence of H2O, OH, H, H2 and O when H2O is used. The O2 species is only present when 
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titanium dioxide thin films are deposited. It is a good indicator to be sure that there is enough 
water vapor inside the chamber to produce TiO2 x with small x values. 
 
Two series of samples were deposited with H2O using different dc current and substrate 
temperatures, the total gas pressure being 2.5 x 10-3 mbar in both cases. Deposition 
parameters and several thin film properties are reported in Table 6.I. The deposition rates 
presented in Figure 6.4 belong to the second series. 
 















25 0.72 350 79% 9.8 10.3 
30 0.72 109 57% 9.4 10.9 
35 0.53 36.7 46% 8.8 12 
40 0.44 1.07 52% 10 12.6 






















50 0.42 15.3 0% - 12.8 
10 0.99 34900 amorphous - - 
12 0.95 1910 100% 7.8 - 
14 0.81 300 100% 9.3 - 
16 0.63 179 100% 9 - 
20 0.47 77 100% 10 - 
32  0.28 26 97% 8.9 29.4 
40 0.27 18.7 100% 11 - 
48 0.25 18.8 100% 11.9 - 
60 0.21 64.9 100% 11 - 
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6.3 Chemical composition and structure 
 
It is important to ascertain the amount of hydrogen inside thin films deposited with water 
vapor if one wants to understand the role of water in the deposition process and in the doping 
process. The hydrogen concentration was determined by secondary ion mass spectroscopy. 
The same hydrogen content was measured in thin films deposited with either H2O or O2. The 
origin of this small and constant hydrogen concentration is attributed to contamination of the 
films by atmospheric water after their removal from the deposition chamber. A five-minute 
cleaning by ion bombardment in the SIMS chamber was enough to remove all hydrogen in the 
film surface. To make sure that there was no additional hydrogen in type W TiO2 thin films, 
heavy water (D2O) was used for several depositions. Deuterium atoms were detected only 
when the hydrogen signal was high, i.e. measured on “contaminated” thin films. The ratio 
between hydrogen and deuterium was the isotopic ratio. Infrared measurements and nuclear 
magnetic resonance, which are less sensitive methods, also failed in detecting hydrogen inside 
thin films. Therefore we can conclude that there is no hydrogen incorporated in the thin films. 
This can be due to the fact that the substrates were heated at temperature higher than 180°C 
during the deposition. The oxygen/titanium ratio in the sample was measured by EPMA. It 
varies from 1.9 in the case of dark blue samples to 2 for transparent TiO2. 
XRD spectra were obtained at grazing incidence on thin films deposited on glass, the 
typical substrate used for electrical and optical measurements. When samples contain rutile, 
the (110) rutile peak is always visible whereas all other rutile peaks are either much smaller 
than in the standard X-ray diffraction pattern, less than 5% the intensity of the (110) peak, or 
not present at all. When samples contain anatase, all anatase peaks are visible. It can be 
concluded that rutile samples deposited with the magnetron installation are textured. Rutile 
fraction and rutile grain size in the films were calculated from the X-ray diffraction spectra. 
The results are reported in Table 6.I. If the substrate temperature is low enough, the anatase 
fraction increases as in the case of type O TiO2 when the reactive gas partial pressure 
increases. Except for samples deposited with 32% of water vapor, at 250°C, only the rutile 
phase is present in the type W TiO2 x samples. The sample deposited with 32% of water vapor 
is the thickest one (410 nm) whereas 250 nm is the maximum thickness for the other samples. 
The appearance of the anatase phase is related to the larger thickness as has already been 
reported in numerous studies [9-10]. The rutile grain size increases with the water vapor 
partial pressure. In each case, the rutile (110) peak is shifted to a lower angle, corresponding 
to a larger unit cell. The maximum shift is measured on samples deposited with 16% of water 
vapor: they show a (110) inter-planar distance 0.5% larger than in the case of stoichiometric, 
single crystal, rutile. Samples prepared with more than 40% of water vapor exhibit a (110) 
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inter-planar distance increase of less than 0.05%. 
Thin film morphology was investigated by atomic force microscopy (AFM). Mixed 
anatase-rutile sample (50%-50%) and pure rutile sample images are presented in Figure 6.5. 
The crystallite size, larger in the case of samples containing anatase phase, corresponds to the 
crystallite size determined by XRD. In mixed anatase-rutile sample, the crystallite size was 18 
and 12 nm for anatase and rutile respectively, whereas the rutile sample has smaller grain size 
of 10 nm. Similar pictures are observed on the different type W TiO2 x samples. 
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Figure 6.5: AFM non-contact mode images.  
a) mixed anatase-rutile (50%-50%) TiO2 x thin film  
b) pure rutile TiO2 x thin films. 
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6.4 Electrical properties 
 
 
The resistance of type W TiO2 x measured in the transverse geometry in the same way as 
doped TiO2 (see Chapter 5) is lower than the series resistance of the ITO substrate               
(40 – 100 Ω), thus the electrical measurements were made along the films on glass substrate. 
In the case of type O TiO2 the resistivity is high so that measurements on glass are not 
possible with standard electrodes distant of half a millimeter. Current-voltage curves 
measured on a film deposited on glass with top gold or aluminum contacts are reported in 
Figure 6.6. Ohmic contacts are obtained with aluminum, while a power law I-V relationship 
indicates that gold, which has a higher work function than aluminum, forms hole-injecting 
contacts [11-12]. The conductivity was measured with a four point geometry (see Chapter 4) 
so as to evaluate (and eliminate) the Al contact impedances. As reported in Figure 6.7, the 
resistance measured with aluminum contacts is the same as the resistance calculated from the 
thin film conductivity and contact geometry at temperatures higher than room temperature. 
Thus if electrical contacts are needed for a specific application, aluminum is suitable for 
ohmic contacts with negligible resistance. In the following, the dc electrical measurements 
were made in the van der Pauw geometry, because the samples required less preparation, no 
contact evaporation, and they could be used afterwards to make other measurements such as 
optical measurements. 
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Figure 6.6: Current-voltage curves measured on rutile type W TiO2 x thin film deposited 
with H2O as reactive gas. 




 coplanar Au contacts
 coplanar Al contacts






Figure 6.7: Comparison of resistance measured on rutile type W TiO2 x with three 
different electrical configurations. 
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The room temperature electrical conductivity of TiO2 x thin films prepared in the 
magnetron installation is reported in Figure 6.8. The most striking result is that the electrical 
conductivities obtained are very high, comparable with heavily reduced titanium dioxide [13]. 
TiO2 thin films deposited with oxygen as reactive gas are usually insulating with a 
conductivity close to 10-6 S m-1 (see Chapter 5), 106 time lower than the lowest conductivity 
measured on the present series of samples. No insulating layer has been obtained in whole 
range of water vapor partial pressure (0% to 100%). The second striking feature of Figure 6.8 
is that the conductivity has a minimum for an H2O concentration around 40%. When oxygen 
is used as reactive gas, the electrical conductivity decreases continuously with the increase of 
the oxygen partial pressure [14]. The minimum of the conductivity is not related to a change 
of morphology. The grain size and the anatase/rutile ratio follow a monotonic behavior. This 
indicates that x-rays diffraction measurements are not enough to describe all the sample 
properties that are relevant to determine the electrical conductivity. Grain boundary and 
composition changes are the likely candidates to explain the remarkable transport properties 
of type W TiO2 samples. 






Total pressure: 2.5 x 10-3 mbar
 1st series 185°C













Water vapor partial pressure [%]
 
Figure 6.8: Room temperature electrical conductivity at of TiO2 x thin films versus the 
water vapor partial pressure. The lines are a guide to the eye. 
 
The evolution of the electrical conductivity as a function of temperature in air has been 
measured by the Van der Pauw method for thin films of series number 2 deposited with 20%, 
40%, 60%, and 100% of water vapor. A less conducting film (40%, series number 1) was also 
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measured. The heating rate was as low as possible, 1°C/min, in order to determine the 
temperature at which the thin film degrades, i.e. the temperature at which the conductivity 
starts to decrease. In Figure 6.9, we can see that among the samples measured, the highest 
degradation temperature is 300°C in air. It is obtained with a sample showing a medium 
electrical conductivity, deposited at medium water vapor partial pressure (60%). The 
activation energy is low, less than 0.1 eV, compared to doped TiO2 presented in Chapter 5 
(more than 0.5 eV). The differences between the conductivities of type W TiO2 x and type O 
TiO2 x are too large to be the result of a mobility improvement only, it more likely due to a 
different type of donor or to a localization of the donors in different regions of the films. If we 
suppose that charge carriers come from donors, a rapid calculation using a mobility of         
0.1 x 10-4 Vs/m2 for rutile (see chapter 2) indicates a donor concentration of 3 at.% in the case 
of the most conducting layer presented in Figure 6.9 (20% H2O). If the donors were bulk 
oxygen vacancies, x-ray diffraction should show a significant decrease of the volume of the 
unit cell. As seen in the XRD measurements, the unit cell is actually slightly larger in the case 
of type W TiO2 x than in the case of pure, stoichiometric, rutile TiO2. Thus it can be excluded 
that the donors are bulk oxygen vacancies. 





40% series 1/ 115°C / 80 meV
100% / 250°C / 80 meV
40% / 265°C / 90 meV
20% / 210°C / 95 meV
PH2O / degradation temperature / activation energy















Figure 6.9: Evolution of electrical conductivity as a function of the temperature of 
TiO2 x thin films deposited with different water vapor partial pressures. 
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The question, now, is to elucidate the nature and location of the donors. We are looking 
for an atomic donor concentration of up to 5 % which is related neither to chemical 
impurities, i.e. to atoms different from Ti and O, nor to point defects inside the bulk of the 
grains. Extended defects on the grain surfaces are most likely responsible for the high carrier 
concentrations that can be obtained. Water vapor, by the way of OH radicals, might interfere 
with the grain growth by blocking oxygen sites during the deposition and thereby modifying 
the grain boundaries, even if hydrogen eventually disappears before the end of the deposition. 
Hydrogen could also favor the presence of incompletely oxidized titanium ions at the grain 
surfaces, and the partially reduced Ti ions may be the electron donors we are looking for. 
To investigate the film morphology, impedance measurements were performed in the 
coplanar geometry. As demonstrated by the current-voltage curves, aluminum contacts should 
be chosen in order to have ohmic, low resistance contacts. But when ac impedance is 
measured, its real part (resistance) at 100 Hz is greater than the dc resistance measured with 
the same contacts, 3200 Ω against 800 Ω. Probably a time longer than the oscillation time 
used during impedance measurements is necessary to stabilize the electrical contacts and then 
have ohmic contacts. This time could be related to oxydo-reduction reactions at the titanium 
oxide/aluminum interface. With gold contacts, which are Schottky contacts, the dc resistance 
and real part of the ac resistance at 100 Hz are equal. Thus impedance measurements were 
obtained with gold contacts at voltages low enough to prevent hole injection. The typical 
dependence of the impedance versus frequency is presented in Figure 6.10. The representation 
of the imaginary part versus the real part of the impedance is often used when sets of 
resistances in parallel with capacitors are connected in series, because each contribution is a 
circle with is center lying on the X-axis. If we try to model this kind of curves, at least three 
distinct impedances are required to describe the sample measured: one series resistance RS 
that shifts the measurements along the X-axis, a complex phase element RH (iω)-p in parallel 
with a resistance R//H (typical of hopping conduction, for example) which gives a circle with 
its center below the X-axis, and finally a resistance RP in parallel with a capacity CP These 
three impedances were used to model the ac measurements. Measurement obtained at 
different temperatures are presented in Figure 6.11. 
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Figure 6.10: Typical ac impedance measurements and corresponding model. 





































Real part of the impedance [Ω]
 
Figure 6.11: ac impedance versus temperature of type W TiO2 x thin film. Lines 
represent the model fitted to the data. 
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The evolution of RS and of the sum of the ac resistances are compared with the dc 
resistance in Figure 6.12. As mentioned above, the total ac resistance is the same as the dc 
resistance in the case of gold contacts in a two-contact geometry. The series resistance agrees 
with the resistance obtained from four-point measurements, therefore it can be assigned to the 
film resistance, the other impedances being related to the gold contacts. The determination of 
fit parameters at high temperature is difficult, because the major part of the impedance curve 
is missing. A capacity is naturally associated with Schottky contacts [15], but the appearance 
of a complex phase element is unusual. At room temperature, the exponent p value is 0.64, 
quite the same value as the value obtained in the case of hopping conduction in undoped TiO2 
(0.65, see Chapter 5). This means that in the depletion layer near the contacts, type W TiO2 x 
behaves as traditional, insulating TiO2. Depletion layer effects indicate that electrical 
conduction occurs through the grains rather than along the grain boundaries. The difference 
between type W TiO2 x and type O TiO2 indicates therefore the presence of additional charge 
carriers in the TiO2 grains. This hypothesis will be corroborated below by optical 
measurements showing plasmon absorption and a shift of the absorption edge towards high 
energy in the case of most conducting TiO2 x samples. 




 coplanar Au contacts
 RS + RH// + RP







Figure 6.12: dc and ac resistance versus temperature. 
 
 
6.5 Optical properties 
 
 
Optical transmission was measured on samples deposited on glass in order to investigate 
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the electronic properties of the films in correlation with electrical measurements. When the 
electrical conductivity increases the transparency of thin film decreases and finally is lost  as 
the samples turn dark blue. Transmission spectra of type W TiO2 x samples belonging to 
series 2 are presented in Figure 6.13. Samples with conductivity up to 300 S m-1 have a 
transmission higher than 50% in the whole visible range. It should be noted that 10% of the 
transmission is lost by reflection. V. N. Bogolomov has described the optical properties of 
reduced, grey-bluish  TiO2 crystals [16]. He has assigned the color to a broad absorption band 
whose maximum is near 0.8 eV due to interaction of photons with small polarons. The 
following relation between the conductivity and the absorption α at 0.82 eV was established: 
α [cm-1] / σ [Ω-1 cm-1] = 5 x 100 Ω. This relation predicts a value of α = 1.5 x 103 cm-1 for a 
sample having a conductivity of 300 S m-1. The observed absorption at 0.82 eV 
(1.9 x 104 cm-1) is much larger. Therefore the absorption of our conductive samples cannot be 
accounted for by the polarons described by Bogolomov. The increase of the electrical 
conductivity of our thin films is accompanied with two modifications of the optical 
transmission. Firstly the transmission decreases at low energy and secondly the energy 
absorption edge due to band-gap transitions is shifted to higher energy. In particular, the only 
sample containing anatase (32% water vapor, 26 S m-1) has the lowest absorption edge 
energy, while pure, undoped anatase has a larger energy band-gap (3.4 eV) than rutile 
(3.0 eV). 









 glass substrate  32%, 26 Sm-1  60%, 64.9 Sm-1












Figure 6.13: Optical transmission of TiO2 x thin films deposited with different water 
vapor partial pressure. 
 
The optical properties of type W TiO2-x were analyzed in the framework of the effective 
medium theory, presented in Chapter 5.4.4. The optical properties of anatase, rutile, and 
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titanium, are known. For certain simple morphologies, the effective dielectric constant of thin 
films can be calculated. The optical properties, in particular the optical transmission, which is 
most sensitive to any changes in the dielectric constant, can be predicted and compared to the 
actual measurements. If the predicted values are far from the measured values, the model is 
declared unsuitable to represent the samples and must be changed. 
The four following morphologies have been considered: 
A) Spherical, insulating TiO2 grains coated with metal (Ti or metallic TiO for example) 
B) Spherical, metallic precipitates, Ti or TiO, embedded in insulating TiO2. 
C) Spherical grains composed of an insulating TiO2 nucleus surrounded by a TiO2 shell 
containing mobile charge carriers. 
D) Spherical TiO2 grains uniformly filled with mobile charge carriers. 
 
The dielectric constant of spherical insulating TiO2 (ε2) grains coated with a volume 
fraction p1 of metal (ε1) can be calculated with the formula given in Chapter 5.4.4 for X3, see 
also reference [17]: 
εeff = X3 = ε1 + 3 (1 - p1) ε1 (ε2 - ε1)3 ε1 + p1 (ε2 - ε1)
 
the dielectric constant of titanium and rutile are given in reference [18]. The dielectric 
constant of spherical metallic precipitates (ε1) in insulating TiO2 (ε2) can be calculated with 
the formula given in Chapter 5.4.4 for Y3: 
εeff = Y3 = ε2 + 3 p1 ε2 (ε1 - ε2)3 ε2 + (1 - p1) (ε1 - ε2)
 
 
In the cases of morphology C and D we must first calculate the dielectric function of a 
medium containing free band electrons. The dielectric function is given by the sum the 
complex susceptibilities associated to the free carriers, the interband transitions and core 
transitions 
ε = 1 + χfree + χinterband + χcore 
The free carrier susceptibility is modeled here by a simple Drude term as already done in the 
case of TiNx thin films [19]. This is an approximation and furthermore one can expect that a 
small, non-Drude, part of the interband susceptibility may remain buried in the low region of 
the susceptibility that is dominated by the intraband transitions. According to Drude’s theory, 
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for free electron gas, χfree can be expressed as 
χfree(ω) = - ωfree
2
ω (ω + i Γfree)
 
where ωfree, the plasma frequency of free carriers, is given by 




where n is the carrier concentration and me* an effective mass describing properties of the 
Fermi surface. Γfree is the damping term equal to the inverse of the relaxation time. When the 
carrier concentration increases, ωfree also increases, and the reflection region is shifted from 
the near infrared into the visible resulting in a decrease of the transmission. The dielectric 
function of TiO2 single crystals is used to model the interband and core parts of the 
susceptibility. It is modified around the band-gap energy to take into account the 
modifications induced by heavy doping. In this study, the modification consists simply in a 
shift ∆Eg of the absorption edge to higher energy. 
The energy shift of the absorption edge has been observed in the case of conducting oxide 
as SnO2 already [20]. It results from the competition between the Burstein-Moss effect, i.e. 
the widening of the optical band-gap resulting from the filling of the bottom of the conduction 
band by free carriers, and a downward shift of the conduction band which occurs as a 
consequence of electron-electron and electron-impurity scattering [21]. The band-gap Eg is 
given by, for a simple electron gas, 
Eg = Ego + ∆EBM - ∆Εee - ∆Εei 
where Ego is the band-gap of undoped semiconductor, ∆EBM the Burnstein-Moss shift, ∆Εee 
and ∆Εei are the self-energies due to electron-electron and electron-impurity scattering. For a 
simple electron gas, ∆EBM is given by [21] 
∆ΕBM =  2/2mC* (3π2 n)2/3 
∆Εee = q2 2/πεoε (3π2 n)1/3 
∆Εei = q3 mC*1/2/(6 π1/2 (εoε)3/2  ) (3π2 n)1/6 
where mC* is the conduction band, density-of-states, effective mass, and n the free carrier 
concentration. 
 
In the case of morphology C, the effective dielectric constant εeff of the mixture of nucleus 
insulating TiO2 (ε1, p1) and shell TiO2 (ε2, p2) filled with charge carriers is calculated with the 
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εi + 2 εeff
 = 0 
 
The four morphology models were tested in the case of rutile sample prepared with 60% 
of water vapor belonging to series 2. The results are presented in Figure 6.14. The optical 
constants of rutile and titanium are given in reference 23. The transmission calculated with 
insulating rutile grains (solid line) is too large and the absorption edge arises at a lower energy 
than the measured absorption edge. The model of spherical insulating TiO2 grains coated with 
a volume of 3% of titanium produces a transmission (dashed line) lower than the measured 
transmission. As expected, the absorption edge is lower than in the case of pure a rutile grains. 
The same behavior is obtained if titanium is replaced by metallic TiO. Similar results were 
obtained in the case of the B model. Therefore, the A and B models are not valid to interpret 
the measured transmission. The shift of the absorption edge is the critical point to test the 
models. In the case of morphology C, if the volume fraction of the insulating nucleus is larger 
than 70%, the absorption edge shift cannot be reproduced whatever the band-gap shift one 
imposes on the rutile shell material. We can obtain a satisfactory fit of the measured 
transmission with model C (dotted line) using a nucleus volume of 70%, but the band-gap 
shift of 0.5 eV necessary to produce this result is too large and unrealistic. Model D gives a 
transmission similar to model C with a reasonable shift of 0.1 eV. Thus model D, which 
corresponds to spherical TiO2 grains uniformly filled with additional electrons, is the model 
adopted to describe our system. The charge carriers are supposed to originate from 
unsaturated titanium bonds at the grain surfaces. 
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Figure 6.14: Comparison between measured transmission (circles) of a sample 225 nm 
thick prepared with 60% of water vapor and transmission calculated with pure rutile 
grains (thick solid line); model A with 3% of Ti (dashed line); model C with 70% of 
TiO2 nucleus, ωfree = 1.5 eV, Γfree = 2.4 eV, ∆Eg = 0.5 eV (dotted line); model D with    
ωfree = 0.8 eV, Γfree = 2.4 eV, ∆Eg = 0.1 eV (thin solid line). 
 
 
A few transmission spectra calculated with this model are reported in Figure 6.15. The 
model is satisfactory in the case of samples having conductivity lower than 1000 S m-1, 
excepted near the band-gap energy where a more detailed description is necessary to model 
the first interference fringe. The shift of the absorption edge is one of the effects of heavy 
doping, but an accurate model should also contain a description of a tail at the bottom of the 
conduction band that results from fluctuations in the doping concentration. In the case of 
highly conductive samples, the model is not entirely successful, but we have to remember that 
a) the most conductive sample is amorphous b) the sample which has a conductivity of 1910 S 
m-1 may also contain a significant fraction of an amorphous phase with unknown optical 
properties and c) in heavily doped, metallic samples new interband transitions take place 
between occupied conduction band states and higher, unoccupied conduction states. 
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Figure 6.15: Comparison between measured transmission (crosses) of type W TiO2 x 
and predicted value from the model described above (solid line). 
 
The optical conductivities σ(ω) = ε0 ε2 ω, where ε2 is the imaginary part of the dielectric 
function, corresponding to the transmission calculated above are reported in Figure 6.16. The 
influence of the plasmon on the electrical conductivity can clearly be seen at low energy 
where the optical conductivities (solid lines) are equal to the plasmon contribution (dotted 
lines). At higher energy, the interband transition contributions become the dominant term of 
the optical conductivity. The blue shift of the absorption edge is visible at high energy. 
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Figure 6.16: Comparison between the optical conductivity of undoped rutile and type W 
TiO2 x with different electrical conductivity. The dotted lines represent the plasmon 
contribution to the optical conductivity. 
 
In principle the donor concentration can be modeled from the stoichiometry, and the 
electrical conductivity provides the product of the charge carrier concentration times the 
mobility. Figure 6.17 shows conductivity against chemical composition for several samples. It 
turned out to be difficult to find a simple relation between chemical composition and electrical 
conductivity. Clearly there was a problem with the standards using for EPMA measurement. 
Indeed EPMA measurements sometimes gave strange results such as overstoichiometric 
TiO2.12. This proves that the standard samples were actually reduced from prolonged electron 
bombardment. The oxygen content measured appeared to increase from one measurements 
session to the next, as if the standard were reduced with time. For these reasons the evolution 
of the plasma frequency was compared to the electrical conductivity rather than to the 
chemical composition. 
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Figure 6.17: Electrical conductivity versus the EPMA chemical composition for type W 
TiO2 x. 
 
The square of the plasma frequency varies linearly with the carrier concentration. It is also 
a linear function of the conductivity when it is lower than 1000 S m-1 as shown in           
Figure 6.18 (a). If we consider a particular sample having a reliable chemical composition 
TiO1.93, which corresponds to a carrier density of 4.5 x 1027 m-3, and the associated plasma 
frequency ωfree = 1.7 eV, we can calculate the effective mass me* = 2.2 me. This value of me* 
is lower than values usually reported by some authors for effective mass of rutile crystals, 
namely 9-13 me [24]. The optical conductivity ωfree2/ε0Γfree is higher than the dc electrical 
conductivity as reported in Figure 6.18 (b). Under optical electric fields, electrons move over 
small distances, much smaller than the grain size and therefore the observed conductivity 
reflects the conductivity of the grain bulk material. On the contrary, during dc measurements, 
the electrons must cross the grain boundaries and the conductivity appears to be smaller 
because of the presence of interfacial energy barriers. The dumping term Γfree used to model 
the optical transmission varies between 2.0 and 2.5 eV. This value corresponds to an optical 
mobility µopt = q /(Γfree me*) varying between 0.21 and 0.26 x 10-5 m2/Vs in accordance with 
mobility values measured in rutile TiO2 thin films [24]. According to Orton and Powell, if the 
charge density inside the grain is larger than the density of charge trapped in surface states, 
the apparent mobility can be thermally activated taking into account barriers encountered by 
the charges at grain boundaries [25]. Therefore the picture of heavily doped grains by donors 
situated in the grain boundaries is reasonable. The scattering effect of grain boundary is 
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visible on the dc electrical conductivity. The activation energy of the electrical conductivity 
varies between 20 meV and 95 meV. The lowest values are obtained in the most conductive 
samples in accordance with the decrease of the barrier height when the charge density 
increases. The lost of the linear relation between ωfree2 and the dc conductivity can be 
attributed to the increase of the mobility with the carrier concentration. 






































dc conductivity [S m-1]
 
Figure 6.18: (a) Square of plasma frequency ωfree, (b) optical conductivity versus dc electrical 
conductivity. 
 
The blue shift of the forbidden gap absorption edge is plotted versus ωfree2 in Figure 6.19. 
The straight line represents the Burnstein-Moss shift calculated with the charge density 
deduced from the plasma frequency. The observed blue shift is smaller than the calculated 
Burnstein-Moss shift indicating that self-energies due to electron-electron ∆Εee and electron-
impurity scattering ∆Εei give important contributions to the shift of the absorption edge. 
Attempts to interpret the shift with electron gas expressions of ∆Εee, ∆Εei calculated for a 
parabolic conduction band [21] failed. The formation of a tail due to disorder effects and/or 
amorphicity below the conduction band must be taken into account to estimate the absorption 
edge shift of heavily doped material [26]. 
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Transparent, conductive TiO2 thin films, with conductivity close to 100 S m-1, which can 
withstand 300 °C, can be produced by replacing oxygen by water vapor as reactive gas. This 
is a great step comparing to the TiO2:Nb discussed in Chapter 5 where only 0.001 S m-1 have 
been reached. The essential difference between thin films deposited with water vapor and 
oxygen can be assigned to the grain boundary composition. It is proposed that water vapor 
creates unsaturated titanium bonds at the grain surfaces. Partly reduced, surface Ti atoms in 
turn inject electrons into the bulk of the crystallites, increasing in this way the electrical 
conductivity of TiO2 x. An essential ingredient that makes such films possible is the 
nanometric grain size. Indeed in a thin film formed of 5 nm spherical grains, nearly 15% of 
the Ti atoms are located on the grain boundaries. This is how it is possible to reach much 
higher doping levels (1028 m-3) than in bulk doping. More detailed structure, morphology and 
chemical analyses are necessary to elucidate the electrical conduction mechanisms. Open 
areas for further work also include using O2 and H2 mixtures as reactive gas, and further 
investigations of chemical doping coupled with sputtering under water vapor. 
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Probably, this study shows that when the grain size is very small, new properties can 
appear compared to bulk material. 
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Chapter 7  
Conclusions and perspectives 
 
 
The present work was based on titanium oxide thin films deposited by reactive sputtering. 
The first part of the work consisted in finding appropriate impurities to improve the electrical 
properties of TiO2 thin films, thereby producing more insulating or more conducting films 
than the films produced without intentional doping. The second part consisted in 
characterizing the sample properties in order to explain the modifications of the electrical 
properties, and to isolate the factors limiting the conductivity. From the physicist’s point of 
view the second part is the most rewarding part of the work, but it could start only after 
interesting samples were produced. 
 
The attempts to modify TiO2 followed two axes: the modification of the target used as 
starting material, and the modification of the reactive gas used during the deposition. 
Niobium, cerium, and iron doping have been achieved with oxide powders incorporated in the 
metal titanium target. Water vapor has been used as reactive gas. The results obtained with 
the different doping methods are summarized below: 
 
• Niobium doping produces conducting TiO2 with an n-type conductivity of 10-3 S m-1 for    
2.9 at.% of niobium, three orders of magnitude higher than undoped TiO2 (10-6 S m-1). 
The niobium atoms act as donors impurities, but the weak increase of the conductivity 
compared to the large amount of atoms incorporated inside TiO2 indicates that a majority 
of the electrons are trapped by defects created by the niobium dopant itself. The 
crystalline structure changes from anatase to rutile when the niobium concentration 
increases. 
 
• Cerium doping decreases the conductivity of TiO2. The film structure changes from 
anatase to amorphous for cerium contents higher than 1.2 at.%. It has been demonstrated 
that cerium atoms act as electron traps and that the same amount of oxygen vacancies as 
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cerium atoms is created so as to accommodate the large size of the cerium atoms. The size 
mismatch and the multivalence of Ce are responsible for the amorphization of the thin 
films at high cerium concentration. Insulator thin films made of TiO2:Ce present a high 
dielectric constant at rf frequencies (ε = 45), a low electrical conductivity (10-9 S m-1), and 
an electrical breakdown at electric field three times higher than in undoped TiO2              
(2 x 10-7 V/m). The incorporation of such insulators in electroluminescent devices 
decreases the threshold voltage of the luminescence, because the dielectric constant of 
TiO2 is higher than that of the traditional insulator Y2O3 (ε = 12), and the use of TiO2 
increases the brightness saturation. The use of TiO2:Ce can surely be spread out to other 
devices that can benefit from  insulators with a high dielectric constant. 
 
• Iron doping produces TiO2 with p-type electrical conductivity if the iron content is large 
enough. Iron atoms act as electron acceptors. The iron concentration must be larger than 
twice the oxygen vacancy concentration (0.13 at.% of iron in enough in our case) before 
the electrical conductivity changes to p-type When the iron concentration increases, the 
structure changes from anatase to rutile and at the same time, the ratio of oxygen 
vacancies created per iron atom decreases. The highest p-type conductivity obtained with 
iron doping was only 2 x 10-6 S m-1. The major problem comes from the high oxygen 
vacancy concentration which produces too many electrons. Co-doping with iron and 
fluorine was attempted and a sample with p-type conductivity of 10-4 S m-1 was realized. 
 
• Depositions made with water vapor as reactive gas produce conductive, transparent 
TiO2 x. Samples with transmission higher than 50% in the visible range with an electrical 
conductivity around 300 S m-1 were routinely obtained in this way. It is far away from the 
conductivity of transparent conducting oxides such as ITO, SnO2 or ZnO that lie around 
106 S m-1. Nevertheless, it is a great step compared to undoped TiO2 deposited with 
oxygen which culminated at 10-4 S m-1. The conductivity increase in not the result of 
traditional doping. It is made possible by the very large grain boundary area available on 
nanometric-grain materials, on which unsaturated titanium bonds could act as donors. A 
high carrier concentration is possible when the grains are small, say, less than 15 nm, in 
which case more than 5% of the atoms are located on the grain surface. The better samples 
are stable on heating in the air up to 300°C, which can be of use in many applications, 
such as gas sensors, in photocatalysis or photoelectric devices. 
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N-type, p-type, and insulating TiO2 could be produced by impurity incorporation or 
morphology modification. It is important to mention that among all titanium dioxide samples 
produced, the electrical conductivity varied from 10-10 to 103 S m-1 at room temperature, i.e. 
over 13 orders of magnitude. 









Electrical conductivity [S m-1]
 
It is interesting to note that the insulating layers composed of amorphous TiO2 or of 
anatase possess a dielectric constant lower than that of rutile. It is also worth noting that the 
highly conducting thin films have rutile as the major phase, which has a lower electrical 
mobility than anatase. Impurity incorporation is always accompanied by defect formation that 
limits the electrical conductivity by trapping the charge carriers. To obtain more conductive 
thin films, multiple doping should be attempted, with impurities that give the charge carriers 
and other impurities that neutralize the defects or prevent the defects formation. A 
combination of iron and fluorine gave a more conductive p-type TiO2 than iron-doped TiO2. 
When the grain size decreases, the fraction of atoms belonging to the grain surfaces becomes 
more and more important and new properties can be obtained. It is illustrated by the 
conductivity increase obtained when oxygen is replaced by water vapor during the deposition. 
In this case, the major differences are situated in the grain boundaries rather than inside the 
grains. Thus the control of the film morphology is a major challenge to modify the electrical 
properties of the material. 
 
Up to now, we have no indications that transparent TiO2 x deposited with oxygen can 
show an electrical conductivity as high as in the case of TiO2 x deposited with water vapor. 
H2O is interesting from the technical point of view, because of the large range of deposition 
parameters leading to conductive thin films. Reactive sputtering using H2O as reactive gas 
opens new perspectives for titanium oxide thin film fabrication and possibly also for other 
oxide materials. 
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Papers on cerium doped TiO2 
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TiO2:Ce/CeO2 HIGH PERFORMANCE INSULATORS FOR THIN FILM 
ELECTROLUMINESCENT DEVICES 
 
A. R. Bally*, K. Prasad*, R. Sanjinés*, P. E. Schmid*, F. Lévy*, J. Benoit**, C. Barthou**, P. 
Benalloul** 
*Institute of Applied Physics, EPFL, Lausanne, Switzerland, schmid@ipasg.epfl.ch 
**Laboratoire d’Acoustique et Optique de la Matière Condensée, Université P. et M. Curie, 




The electrical properties of titanium dioxide thin films have been stabilised by cerium 
doping. These films have a high permittivity between 35 to 45 and withstand 650°C. Multilayer 
TiO2:Ce/CeO2 insulators have been fabricated. The breakdown voltage is increased by a factor 
10 with a modest decrease in the permittivity (30 - 35 instead of 35 - 45). 
Electroluminescent devices (ELDs) with a classical ZnS:Mn phosphor have been prepared 
using TiO2:Ce as the first insulator and a TiO2:Ce/CeO2 multilayer as the second insulator. 
Compared with a standard ELD based on Y2O3 insulators, devices with the new insulators show 
a significant decrease of the threshold voltage along with a notable increase of the brightness. 
An important increase is also achieved in the total device efficiency which is maintained over a 
large range of brightness and transferred charge. Consequences of rapid thermal annealing and 




Thin film electroluminescent devices (TFELD) provide an attractive alternative for solid-
state flat panel displays1. Dielectric materials play a decisive role in the performance of these 
Metal-Insulator-Semiconductor-Insulator-Metal (MISIM) structures1,2,3,4. Under actual 
operating conditions, very high electrical fields of the order of 100-200 MV/m are applied to the 
phosphor layer. The role of the dielectric is to prevent the device breakdown under these high 
fields and to keep charges suitably trapped in interface states so that they do not leak out into 
the phosphor at lower fields. Most important of all, a dielectric with a high permittivity lowers 
the operation threshold voltage as it increases the electric field in the emitting layer for a same 
applied voltage. 
A number of studies have reported attempts at finding suitable dielectrics for TFELD 
applications having the highest figure of merit, which is defined as the product of dielectric 
constant and breakdown electric field εo ε Ebd5. This figure of merit, which indicates the 
maximum trapped charge density for an insulator material, is of the order of 4-6 µC/cm2 in 
classical TFELDs6. Because of its high permittivity, TiO2 is a potential candidate provided its 
electrical properties can be controlled. Undoped TiO2 is always slightly substoichiometric and 
oxygen vacancies modify its dielectric properties. A figure of merit of only 1 µC/cm2 has been 
reported corresponding to a high ε (60) but a very low Ebd (20 MV/m)6. 
The electrical properties of titanium dioxide have been stabilised by cerium doping. Ce 
doping leads to an increase of the resistivity, a reduced variation of the permittivity with 
frequency and a higher breakdown voltage. After a description of cerium doping effects on TiO2 
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Two types of structures were prepared in the present study. For electrical measurements, thin 
films of undoped TiO2, Ce-doped TiO2 and CeO2 were deposited on ITO-coated glass by 
reactive RF sputtering. 2 mm2 gold dots were evaporated as top contacts. For TFELD 
investigations, MISIM structures were fabricated on ITO-coated glass. The standard Y2O3 
insulators were deposited by e-gun evaporation and the Mn-doped ZnS phosphor layers were 
prepared using co-evaporation of ZnS by e-gun and MnS by thermal evaporation.  Aluminium 
or gold dots with an area of 2 mm2 were evaporated as top metal contacts. 
Devices were subjected to a long thermal annealing (LTA) for 2 hours in vacuum at 650°C 
after the deposition of ZnS:Mn. Such post-deposition heat treatment of ZnS:Mn is widely used 
to improve the electroluminescent brightness by increasing both excitation and radiative 
efficiencies6. The device structure is given in Table I. 
 
Table I: Electroluminescent Device configurations 
Device Transparent 
electrode 
Bottom insulator Phosphor Top Insulator Reflecting 
electrode 
A ITO Y2O3 330 nm ZnS:Mn 520 nm Y2O3 360 nm Al 
B ITO TiO2:Ce 270 nm ZnS:Mn 520 nm TiO2:Ce 200 nm 
CeO2 200 nm 
Au 
 
An impedance analyser (HP 4192A) was used to perform ac electrical measurements on the 
MIM structures. The frequency was swept in the range from 100 Hz to 1 MHz. An amplitude of 
100 mV was selected for the oscillation level of the signal. For luminescence measurements, a 
sinusoidal 1 kHz voltage source was used as the excitation signal. The brightness was measured 
using a Minolta Photometer. The threshold voltage is defined as the voltage required (or 
extrapolated) for a brightness of 1 cd/m2.  The transferred charge as a function of applied 
voltage was determined by measuring the stored charge in the sense capacitor of a Sawyer-
Tower circuit7. 
It should be noted that in this work the phosphor was not optimised and therefore the total 
brightness level is less than what is generally reported6. Valid comparison can nevertheless be 




The dielectric properties of the doped and undoped films were investigated in the frequency 
range from 102 to 106 Hz. The permittivity and resistivity were deduced from the ac impedance 
measurements while taking into account the series resistance due to the ITO electrode. In the 
case of undoped films, the results reveal large differences in the dielectric constant ε and the ac 
resistivity ρ depending on the preparation and thermal treatments. At room temperature, the 
films exhibit values of ε = 50 - 400 and ρ = 107-109 Ωm at 102 Hz. 
The effects of the cerium doping on the dielectric properties of the TiO2 are shown in Fig. 1. 
Cerium doping shifts the resistivity towards higher values while the high permittivity values and 
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undergoes a sharp drop as the Ce concentration is increased from 0.4 to 0.7 at.%. Films with  
the largest Ce doping (2.1 at.%) exhibit a frequency independent value of the permittivity. 
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Figure 1: Dielectric properties of Ce-doped TiO2 thin films. 
 
Fig. 2 shows the current density J as a function of the electric field E for TiO2 thin films 
having different concentrations of Ce and different thicknesses. In undoped films the current at 
low fields is more than two orders of magnitude higher than in the doped films. This confirms 
the higher resistivity of the doped material. The breakdown threshold is identified as the abrupt 
bending off (knee) of the J-E curve at a field of about 3 MV/m. Beyond the knee the avalanche-
like current increase results in a destructive breakdown of the insulator. 
In films which contains 0.4 at.% Ce, the current at low fields is lower than in the undoped 
films indicating an increase of its resistivity. However, the breakdown knee is not modified. In 
the remaining curves one observes a shift of the breakdown knee towards higher electric fields: 
it is situated at 7 MV/m for the films containing 1.2 and above 10 MV/m for the most highly 
doped sample (2.1 at.%). Thus the breakdown strength of Ce-doped TiO2
 
increases with 
increasing Ce concentration. 
CeO2 is reported to have a higher breakdown voltage then TiO2. Its value varies between 200 
and 2000 MV/m in thin films8. The formation of multilayer insulator with TiO2:Ce and CeO2 
shows a breakdown voltage of 100 MV/m, which is 30 times higher than the breakdown  
voltage of undoped TiO2 thin films. The resistivity and permittivity curves represented in Fig. 1 
show that the dielectric properties are quite close to than those of TiO2:Ce values because CeO2 
thin films also have a high permittivity of about 268. 
It is worth noting that preliminary oxide breakdown measurements indicate that Au contacts 
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Figure 2: Electrical current density versus electrical field for different levels of doping of 
TiO2:Ce. 
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Figure 3: Brightness versus applied voltage Figure 4: Charge versus applied voltage 
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The brightness dependence on the applied voltage for two different devices with the same 
phosphor is presented in Fig. 3. The high permittivity of the TiO2:Ce/CeO2 insulator compared 
to the Y2O3 insulator results in a substantial decrease of the threshold voltage for device B. In 
this case, threshold voltage goes down from 88 Vrms to 40 Vrms. The highest brightness 
saturation of the device B and the steep increase of the brightness show that the interface 
between TiO2:Ce and ZnS:Mn does not leak carriers, as seen in the well-defined curve of Fig. 4. 
The incorporation of a CeO2 layer in the insulators protects the device against breakdown, so 
that it can be driven to brightness saturation. 
The Lissajou curves for the both devices at a same brightness level are shown in Fig. 4. The 
steeper slopes of the device B curve show the higher permittivity of our new insulators. A 
permittivity value of 11.8 is found for the Y2O3 insulator and 42.7 for the TiO2:Ce/CeO2 
insulator. The power dissipated in the device is proportional to the area under the Lissajou 




The results presented in this paper show that TiO2:Ce/CeO2 insulators are suitable for thin 
film electroluminescent devices based on a ZnS:Mn phosphor. The improvements, when 
comparing with the standard Y2O3 insulator, are a decrease of the threshold voltage and an 
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Abstract. The present study discusses the effect of iron doping in TiO2 thin films
deposited by rf sputtering. Iron doping induces a structural transformation from
anatase to rutile and electrical measurements indicate that iron acts as an acceptor
impurity. Thermoelectric power measurement shows a transition between n-type
and p-type electrical conduction for an iron concentration around 0.13 at.%. The
highest p-type conductivity at room temperature achieved by iron doping was
10−6 S m−1.
1. Introduction
Titanium dioxide is used in a wide range of applications
as gas sensors [1], antireflective coatings [2], thin film
capacitors [3], etc. The electrical and optical properties of
TiO2 depend on the concentrations of both intrinsic defects
(mostly oxygen vacancies) and extrinsic impurities. Many
impurities have been put into TiO2 to improve its properties
depending on the application. Few studies about iron-doped
TiO2 have been reported in the literature, though iron is
always present in titanium oxide as an intrinsic impurity.
As titanium oxide thin films are often deposited from a
metal titanium target, it is important to know the behaviour
of iron impurities in titanium oxide. The present study
shows the structural and electrical changes of TiO2 thin
films with iron doping in titanium oxide. The structure of
the films can be controlled by several deposition parameters
including gas pressure, substrate temperature and discharge
current [4–6]. In order to highlight the effect of iron,
the deposition parameters were not changed except for the
amount of iron oxide used during the deposition. Iron
doping induces a structural transformation from anatase
at low Fe concentration to rutile for Fe concentrations
larger than 0.32 at.%. Electrical and thermoelectric
power measurements show that the electrical conduction
changes from n-type conduction for undoped TiO2 to p-type
conduction for heavily doped TiO2, and demonstrate that
iron atoms behave as acceptor impurities. Even at high
iron concentration, thin films remain transparent.
‡ E-mail address: bally@ipasg.epfl.ch
Figure 1. Iron concentrations versus number of holes filled
in the titanium target during deposition.
2. Experimental details
Fe-doped TiO2 thin films were deposited by reactive rf
sputtering. The target was a metallic titanium disc (purity
99.5%, 60 mm diameter). Holes drilled into the titanium
target (3 mm diameter) were filled with iron oxide powder
(Fe2O3, purity 99.999%) to obtain Fe-doped TiO2 thin
films. Depositions took place under a pressure of 10−1 Pa
of mixed Ar and O2 atmosphere (33% of oxygen). Silicon,
glass and indium tin oxide (ITO)-coated glass substrates
were heated to 260 ◦C during the deposition. The rf power
was 700 W, and the deposition rate was between 0.2 and
0.4 ˚A s−1. Table 1 summarizes the properties of the
0022-3727/98/101149+06$19.50 c© 1998 IOP Publishing Ltd 1149
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Figure 2. X-ray diffraction spectra of the Fe-doped TiO2 thin films: A; (101) anatase peak; R, (110) rutile peak.
films. The iron concentration was measured by electron
probe microanalysis (EPMA) using thin films deposited
on a silicon substrate. Rutile TiO2 and Fe2O3 were
used as standard for the calibration. A small layer of
carbon was deposited on the thin films to avoid electrical
charging during the EPMA measurements. The thin film
structure was investigated by x-ray diffractometry in a θ/2θ
angle configuration, and the morphology was investigated
by atomic force microscopy (AFM) with a Topometrix
Explorer AFM in non-contact mode. Gold contacts were
evaporated on top of the thin films deposited on ITO-coated
glass and the electrical measurements were performed in
a transverse geometry (ITO/TiO2:Fe/Au). dc electrical
conductivity measurements were made with a Keithley
617 electrometer and ac electrical measurements with an
HP4192a impedance analyser. In both cases, a voltage of
0.1 V was applied for the measurements. To determine
the sign of the charge carriers, the thermoelectric power
was measured on thin films deposited on glass substrates.
Due to the high resistance of TiO2:Fe thin films, the
thermoelectric power was measured at 350 ◦C.
Table 1. Thin film properties. Ea denotes the conductivity
activation energy at 333 K.
Thickness No of Fe concentration Ea
Name (nm) holes (at.%) (eV)
A 300 0 0 0.65
B 290 1 Trace 0.51
C 240 3 0.13 0.59
D 290 5 0.32 0.63
E 190 7 0.51 0.65
F 200 9 0.72 0.56
G 240 13 0.97 0.54
H 350 19 1.30 0.51
3. Results and discussion
3.1. Iron concentration
The iron concentration in the films was varied from 0.1
to 1.3 at.% by changing the number of holes filled with
1150
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Figure 3. AFM image of TiO2 : Fe sample D (0.32 at.% Fe).
iron oxide in the titanium (figure 1). The Fe concentration
measurement errors were calculated using the same relative
error as that of the raw data. A model was used to
take into account the silicon substrate contribution. The
concentration evolution is monotonic with the number of
holes filled. The first part is linear, and when more
than nine holes were filled the resulting iron concentration
increased slowly. This can be explained by the fact that
the holes are filled from the centre to the edge of the target
and that the plasma is denser in the centre of the target.
Therefore, the contribution of the outside holes during the
deposition is less important.
3.2. Structural characterization and morphology
X-ray diffraction spectra (figure 2) reveal the influence of
Fe doping on the structure of the TiO2 thin film. The peaks
related to the lower ITO electrode are labelled ITO. The
ratio between the anatase and rutile phases can be calculated
from the intensity IA of the (101) anatase peak (labelled A)
and the intensity IR of the (110) rutile peak (labelled R) [7]
with the following formula: WA = 1/(1 + 1.265 IR/IA),
where WA is the weight percentage of the anatase phase.
For Fe concentrations lower than 0.32 at.%, the rutile phase
is not present in the films. When the Fe concentration
increases, the weight percentage of the rutile phase becomes
more and more important; it reaches 60% for the sample
with 1.3 at.% Fe. The increase of the rutile phase weight
percentage is accompanied by a decrease of the anatase
grain size. Values calculated from the measured values of
the full width at half the maximum (FWHM) of the most
intense anatase peak (110) (shown in figure 2), indicate
that the crystallite size decreases from 20 to 10 nm. No
tendency to amorphization has been observed with Fe
doping, whereas samples doped with more than 1.2 at.%
Ce are consistently amorphous [3]. This can be explained
by the fact that the Fe3+ ionic radius (0.64 ˚A) is close
to the Ti4+ ionic radius (0.68 ˚A). The transformation
from the anatase to the rutile structure with Fe doping is
consistent with Bregani et al’s observations [8]; they noted
that impurities like Cu, Mn, Cd, Fe, Co, Zn favour the
transformation from anatase to rutile structure.
An AFM image from sample D (0.32 at.% Fe) is
reported in figure 3. It shows that the thin films are
composed of small crystallites. The crystallite diameter,
around 35 nm, is larger than the size measured with
XRD. As XRD is sensitive to the crystallite thickness
perpendicular to the film and the AFM image shows the film
surface, this means either that the grains are not spherical
or that the grains are larger at the film surface than at the
inner region. No preferential orientation for the crystallites
was detected.
3.3. Optical properties
All films are transparent in the visible range. The
absorption threshold for interband transitions appears at
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Figure 4. dc conductivity in TiO2 thin films as a function of
temperature, showing the influence of Fe doping (the lines
are guides for the eyes). The inset indicates the iron
concentration of the films.
lower energy in highly Fe-doped samples. This change
in the absorption spectrum in not actually related to the
iron concentration, it simply reflects the change of structure
from anatase to rutile induced by the iron atoms. The
bandgap of the rutile (3.0 eV) is lower than the bandgap
of the anatase (3.2 eV) [9], which explains the absorption
threshold difference.
3.4. dc electrical properties
The dc electrical conductivity versus temperature was
measured for various Fe concentrations (figure 4). For a
fixed temperature, as the Fe concentration increases, the
conductivity at first decreases, goes through a minimum
for Fe concentrations between 0.13 and 0.32 at.% and then
increases again (see figure 5(a)). This kind of behaviour,
already reported in the literature for the case of Mn-doped
TiO2 [10], suggests a transition from n-type to p-type
electrical conduction. Thermoelectric power measurements
made at 350 ◦C show that samples A and B have n-type
conductivity (negative thermoelectric power) and that other
samples have p-type conductivity (positive thermoelectric
power). The thermoelectric power is lower in sample
C than in samples D to H where it is nearly constant.
This means that both n-type and p-type conduction are
(a)
(b)
Figure 5. The dependence on the iron concentration of
(a) the dc conductivity at 333 K and (b) the conductivity
activation energy.
present in sample C and that the transition between n-
type and p-type TiO2:Fe occurs for an Fe concentration
near 0.13 at.%. It has been reported in the literature that
Fe impurities act as acceptor impurities in TiO2 [11], but
Fe atoms do not behave as simple substitutional impurities
replacing Ti atoms in the oxide lattice. It must be noted
that sample B, the sample with the lowest Fe doping, shows
an n-type conductivity higher than that of the undoped or,
more accurately, not intentionally doped sample A at room
temperature. This indicates that new oxygen vacancies are
induced by the presence of iron atoms as proposed by Sayle
et al [12]. The exponential dependence of the conductivity
on inverse temperature defines an activation energy Ea .
The activation energy Ea is lower in the case of low Fe
doping (sample B, 0.51 eV) than in the case of the undoped
sample A (0.65 eV), which is in agreement with Yu and
Halley’s calculations [13]. This confirms that the oxygen
vacancy surroundings are different in each case. The ratio
between the oxygen vacancy concentration and the iron
concentration must be greater than 0.5 so as to account for
the fact that all the acceptors created by the iron atoms are
compensated by electrons given up by the oxygen vacancies
(two electrons are available for each vacancy). As the iron
1152
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Figure 6. The permittivity of TiO2 thin films as a function of
frequency showing the influence of Fe doping.
concentration increases, the donor (vacancy) over acceptor
(iron) ratio decreases and when it becomes lower than 0.5
the conductivity switches from n-type to p-type. The fact
that the iron atoms create fewer oxygen vacancies at high
concentration is consistent with the transformation from the
anatase to the rutile structure when the iron concentration
increases. Oxygen vacancies are necessary to stabilize the
anatase structure [8] but iron can crystallize in a rutile-
like structure in FeS2 or (Ta, Ti, Fe)O2 compounds [14]
for example. Therefore, Fe atoms create fewer oxygen
vacancies in the rutile structure then in the anatase structure.
The evolution of the conductivity activation energy (figure
5(b)) shows that for p-type samples the acceptor level is
located at 0.5 eV above the valence band.
3.5. Dielectric properties
The permittivity versus frequency was measured for
different Fe concentrations (figure 6). At low doping,
the permittivity exhibits a high value, which varies with
frequency. Although the permittivity of the most heavily
doped samples (>0.72 at.%) is lower than that of sample
B (Fe trace), it also decreases with increasing frequency.
The lowest permittivity values are observed in highly
resistive thin films, for which the permittivity is frequency
independent. Its values (around 40) are quite similar to
the value reported for Ce-doped TiO2 [3]. It is difficult
to relate the permittivity dispersion to the film structure,
because the grain size and the weight per cent of the anatase
phase decrease in a consistent manner with the increase of
the Fe concentration, whereas there is an Fe concentration
for which the dispersion is minimum. The permittivity
dispersion denotes an inhomogeneous conductivity [15].
This inhomogeneity is related to the different properties
of the grains and grain boundaries, and/or to the different
properties of the anatase and rutile phases.
4. Conclusion
We have shown that iron doping induces a transformation
from anatase to rutile, without amorphization for doping
lower than 1.3 at.%. Electrical measurements confirm that
iron is an acceptor impurity. The transition from n-type to
p-type electrical conduction occurs for an iron concentration
around 0.13 at.%. The highest p-type conductivity reached
at room temperature is 10−6 S m−1. The dispersion of
the permittivity with frequency indicates that the electrical
conduction of the thin films is inhomogeneous. The
influence of the iron atom depends on the crystal structure
of the oxide. The introduction of iron generates more
oxygen vacancies in anatase than in rutile. A large
fraction of the acceptors created by the iron atoms are
compensated by the oxygen vacancies created by the same
iron atoms. The results presented in the paper point
out that pure rutile, iron-doped TiO2 has a higher p-type
conductivity than mixed, anatase/rutile TiO2 iron-doped
thin films.
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Mechanical and electrical properties of fcc TiO thin films prepared by11x
r.f. reactive sputtering
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Abstract
This paper reports on an investigation on fcc TiO thin films with 0,x,1. The films were deposited by r.f. reactive sputtering and11x
characterized by X-ray diffraction, electron probe microanalysis, X-ray photoelectron spectroscopy, atomic force microscopy, scanning
tunneling microscopy, and electrical measurements. The films crystallized in the fcc phase with a lattice parameter a50.419 nm, exhibit a
gold like color, an electrical resistivity of about 400 mV cm at room temperature, and remarkable nanohardness values of about 23 GPa.
The results of these experiments are discussed and compared to the archetypal fcc TiN coatings.  1998 Elsevier Science S.A. All rights
reserved.
Keywords: Transition metal oxides; Reactive sputtering; TiO ; Hardnessx
1. Introduction atmosphere, respectively. The ratio between the inert gas
(Ar) and reactive gas (O or H O) was varied from 5 to2 2
Titanium nitride thin films are widely used as hard 30% in order to obtain different oxygen concentrations in
coatings [1]. An important problem is the hardness degra- the films. Thin films deposited with oxygen as reactive gas
dation due to oxidation at high temperature [2]. For bulk are named type A TiO and thin films deposited with11x
TiN a Vicker’s hardness of 20.5 GPa is reported [3]. water vapor as reactive gas are named type B TiO11x
Titanium oxide TiO crystals with the same structure as throughout the paper. Silicon wafers, glass, and high speed
TiN (fcc structure) has a hardness up to 19.6 GPa [4]. steel (HSS) were used as substrates. The film thickness
Thus, it is interesting to compare the hardness of titanium was about 1 mm. Thin films deposited with addition of
oxide thin films and titanium nitride thin films, and to water vapor did not adhere on glass and HSS substrates.
follow the hardness evolution after oxidation. Two sets of For this reason 50 nm TiO prepared by d.c. reactive2
titanium oxide thin films (TiO with 0,x,1) have been sputtering [5], in the same chamber, was deposited as an11x
prepared by r.f. sputtering using two different reactive adhesive layer on glass and HSS substrates. The oxygen
gases, oxygen and water vapor. In this paper we report on concentration of films deposited on silicon was measured
the structure and hardness of TiO deposited with by electron probe microanalysis (EPMA) using the Ti Ka11x
oxygen or water vapor as reactive gas and we compare the and the O Ka lines. A rutile TiO crystal was used as a2
results with titanium nitride. To the best of our knowledge, standard. Secondary ion mass spectrometry (SIMS) was
this is the first systematic study of mechanical properties applied to quantify the residual hydrogen content. The
and annealing effects of TiO thin films. crystal structure, phase, and residual stress were investi-11x
gated by X-ray diffraction (XRD) in a grazing angle
configuration (u558). The morphology was investigated by
atomic force microscopy (AFM) with a Topometrix Ex-
2. Experimental plorer AFM in a non-contact mode, and by scanning
tunneling microscopy in ultra-high vacuum with an Omic-
TiO thin films were prepared by reactive r.f. sputter- ron STM. Electrical measurements were performed in the11x
ing. The target material was metallic titanium (purity four-point geometry on glass substrates. The nanohardness
99.5%). The depositions were performed at a total pressure was determined by a commercial nanoindentation system
21
of 10 Pa in mixed Ar and O or Ar and water vapor (XP, Nano Instruments). A Berkovich-type pyramidal2
diamond tip indented the films to a maximum depth of 700
* nm. Constant stiffness data measurements were obtainedCorresponding author. Tel.: 141-21-6934439; fax: 141-21-6934666;
e-mail: alain.bally@epfl.ch by oscillating the tip during indentation at a frequency of
0257-8972/98/$ – see front matter  1998 Elsevier Science S.A. All rights reserved.
PI I : S0257-8972( 98 )00629-X
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of the partial pressure of reactive gas is reported in Fig. 1.
TiO can be deposited with either O or H O as reactive11x 2 2
gas. The H O partial pressure must be higher than the O2 2
partial pressure to obtain a given chemical composition,
which is explained by the fact that at the same pressure O2
provides two oxygen atoms compared to only one for H O.2
Changes in oxygen concentration in the films are accom-
panied by color changes from golden yellow for nearly
stoichiometric TiO films to transparent for TiO films,2
passing through brown and dark blue. secondary ion mass
spectroscopy (SIMS) reveals the same small hydrogen
content in thin films deposited with either H O or O . The2 2
origin of this small, constant hydrogen concentration is
attributed to contamination of the films by atmospheric
water after their removal from the deposition chamber.Fig. 1. Chemical composition of TiO thin films versus reactive gas11x The XRD results, presented in Fig. 2, reveal thatpartial pressure.
transparent TiO films (0.95#x#1) are composed of a11x
mixture of the anatase and rutile phases. When the oxygen
about 62 Hz and an amplitude of about 1 nm. This kind of concentration decreases the rutile phase dominates with a
measurement provides hardness, E modulus, and stiffness very small grain size (d,5 nm). At lower oxygen con-
data throughout the whole indentation depth. Hardness centration, type B TiO amorphous films are obtained,11x
values were taken at 200–300 nm depth to avoid in- while type A TiO X-ray diffraction spectra show Ti O11x 2 3
fluences of the surface roughness and of the substrate. The and Ti O patterns. No amorphous type A TiO thin3 5 11x
XPS studies were performed using a Scienta ESCA 300 films were observed. Golden yellow TiO (0#x#0.25)11x
system equipped with a rotating anode (Al Ka source), an have the same fcc NaCl structure as TiN. The lattice
X-ray monochromator, and a hemispherical analyzer. parameter a50.422 nm in the case of type B TiO ,11x
which is considerably larger than the lattice parameter
a50.418 nm reported in the literature for TiO crystals1.12
3. Results [6]. In the case of type A TiO , the lattice parameter11x
a50.419 nm almost matches the values found in single3.1. Composition and structure
crystals.
The chemical composition of the thin films as a function Fcc TiO thin films deposited with H O as reactive1.16 2
Fig. 2. X-ray diffraction spectra of TiO deposited with (a) H O and (b) O as reactive gas.11x 2 2
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Fig. 3. STM image of fcc TiO deposited with H O as reactive gas.1.16 2
gas have a very smooth surface as we can see on STM
image (Fig. 3). In Fig. 3, rectangular patterns (highlighted
by white arrows), typical of the fcc phase, are present. The
size of these patterns, about 15 nm, is in good agreement
with the crystallite size measured by XRD (d515 nm). The
surface of amorphous type B TiO thin film is presented11x
in Fig. 4a. The layer is composed of regular spherical
grains with a diameter of 150 nm. The amorphous agglom-
erates are much larger than the grains of crystallized TiO2
thin films (Fig. 4b).
3.2. Electronic properties
Fig. 4. AFM images of (a) amorphous TiO thin film deposited with1.75
H O as reactive gas, (b) anatase TiO thin film deposited with O as2 2 2XPS measurements of the Ti 2p spectra on golden reactive gas.
yellow TiO deposited with H O show features which1.16 2
can be associated with several valence states of Ti. To
obtain an insight into the composition, the spectra were
0 21deconvoluted, assuming contributions from the Ti , Ti ,
31 41Ti and Ti species, which are encountered in Ti metal,
TiO, Ti O and TiO . The most intense peak is associated2 3 2
41
with Ti (458.6 eV). This means that the sample surface
31 21is heavily oxidized. The Ti peak (456.9 eV) and the Ti
peak (455.1 eV) show that the sample composition lies
between x50 and x50.5. Some metal titanium represented
by a peak at 454.0 eV is probably located in the grain
boundaries.
The electrical resistivity decreases rapidly with decreas-
26ing oxygen concentration and then stabilizes at 4310
V m (Fig. 5). The resistivity is higher than the value
26
reported for bulk material, 2.60310 V m for TiO [7],1.2
because of the small grain size and of grain boundary
effects. Except at high oxygen concentrations, type B
TiO and type A TiO exhibit the same values for Fig. 5. Electrical conductivity of Type B TiO and Type A TiO thin11x 11x 11x 11x
electrical resistivity. films at room temperature.
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the crystal structure and the electronic structure. The
differences in the mechanical properties between type A
and type B films can essentially be explained by noticeable
modifications of the morphology of type B thin films due
to the interaction with water.
4.1. Crystal structure and electronic properties
As deduced from XRD data, the crystal structure of
TiO films changes from cubic fcc TiO (type NaCl)11x
through amorphous or trigonal Ti O to tetragonal TiO2 3 2
(rutile or anatase) when x increases from 0 to 1. For
0,x,0.2, as in fcc mono-nitrides and carbides, the
physical properties of fcc TiO films stem from mixed11x
ionic, covalent and metallic contributions to Ti and OFig. 6. Hardness of Type B TiO and Type A TiO thin films.11x 11x bonding [8,9]. The higher hardness values observed in fcc
TiO films compared to those of TiO films arise mainly11x 2
Preliminary spectroscopic ellipsometry measurements from the fact that the bonding between Ti and O atoms is
have been performed on TiO films. The golden yellow more strongly covalent in a fcc than in a tetragonal11x
color stems from the position of the reflectivity minimum, structure. The decrease of the hardness with increasing
corresponding to the energy of a screened, free-carrier oxygen concentration for both type A and type B thin films
plasmon, at about 3 eV. The screened plasmon frequency is due to the increase of the ionic character of the Ti–O
shifts from 3 to 1.8 eV when the oxygen concentration bonding (see Fig. 6).
increases. This shift has a strong impact on the apparent
color of the TiO films. A detailed study of the optical 4.2. Film morphology11x
properties of the TiO thin films will be published11x
elsewhere. Understanding of the effect of water vapor as reactive
gas on the growth mechanism and on the mechanical
3.3. Nanohardness properties (hardness and adherence) of TiO films11x
remains a great challenge. The hardness differences, at a
Nanohardness varies from 13.4 GPa for anatase TiO given chemical composition, cannot be explained by a2
thin films to 22.5 GPa in cubic TiO (Fig. 6). Type B single parameter. In each case the crystal structure and the11x
TiO thin films exhibit a higher hardness value than type morphology of the films must be considered. Thus, in the11x
A TiO thin films at the same chemical composition, case of TiO films with x,0.2, the crystal structure is11x 11x
only at x|0.95 do both deposition methods show similar the same (fcc type NaCl), and only low tensile stress levels
2
results. Cubic TiO films oxidized at 5008C under air for (,150 MPa) were determined by the sin C method in11x
1 h, despite a limited drop of the hardness value from 23 to XRD in both cases. A preliminary analysis of scanning
21.2 GPa, still exhibit larger hardness values than pristine electron micrographs revealed a dense granular morpholo-
films (cross on Fig. 6). gy in type B films, whereas type A films exhibit a
columnar morphology. Therefore the influence of the
morphology has to be considered when one attempts to
4. Discussion explain the mechanical properties. For TiO with x|0.5511x
two different structures are observed: an amorphous struc-
Although the electrical conductivity is similar in type A ture for type B TiO and a mixture of Ti O and Ti O1.55 2 3 3 5
and type B TiO films, their hardness values exhibit for type A TiO . These structural differences lead to11x 1.56
large differences. In particular, type B TiO films differences in hardness. In the case of tetragonal TiO11x 2
(deposited with water as reactive gas) with x,1 exhibit films, the dark blue rutile has a significantly smaller grain
higher hardness values compared to those of conventional size than transparent rutile (3 vs 12 nm) and a higher
type A films (Fig. 6). This could be of great interest in hardness, which is in agreement with the Hall Petch
industrial applications, which require improved mechanical relation [1].
properties. The mechanical properties of these films are The interaction of water with TiO , Ti O and SrTiO2 2 3 3
related to crystal structure, electronic structure and film single-crystal surfaces has been thoroughly investigated by
morphology (grain size, grain boundary properties, re- other authors because of the catalytic properties of these
sidual stress) [1]. Therefore, the changes in electrical and surfaces [10–12]. Both nearly perfect and defective sur-
mechanical properties of TiO films as a function of the faces give rise to dissociative adsorption of H O at 300 K.11x 2
oxygen content (0,x,1) can be understood considering In particular from the photoemission studies it is deduced
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that the dissociative adsorption of H O results in an during film deposition prevents titanium oxidation into2
31increased concentration of Ti surface defect states on TiO . The structural differences, especially at the grain2
nearly perfect surfaces [10]. In the case of anatase TiO boundaries, result in a higher hardness in the case of TiO2 4x
single crystals exposed to H O or H , the appearance of deposited with H O as reactive gas. The highest hardness2 2 2
new features in the XPS valence band spectra attributed to value measured on HSS substrates (22.5 GPa) is obtained
2
adsorbed OH radicals was also reported [13]. These for golden yellow TiO with fcc, TiN-like structure.1.09
results support the assumption that dissociative adsorption /
desorption of H O molecules can also take place at the2
surface of the crystallites during the deposition of type B Acknowledgements
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